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FOREWORD 

to 

First Edition 

Immediately on his return Horn Zurich, Dr. Jagdish Lai joined 
the Indian Institute of Technology. He was given the responsibility for 
organising and equipping the Hydraulic Machines Laboialoiy. Such a 
laboratory, as distinct from the Hydraulics Laboratory of the Civil 
Engineering Department is now considered an essential feature in a 
modern Technical Institute. 

In. a rapidly developing country, it is difficult to decide where the 
responsibility of the hydiaulic engineer ends and that of hydraulic 
machine engineer begins. It is best that cadi bnow as much of the 
other’s job as possible. This book thus covers a field of study which is 
rapidly gaining in importance, 

Dr, Lai has the enthusiasm that we associate with a teacher who 
remembers the days when he was a brilliant student. This book has 
grown out of that enthusiasm, and has made available to the students in 
a handy form, knowledge and information which will be of value not 
only for the completion of their courses but also for practising their 
profession. 

The book emphasises the need of young engineers acquiring great 
efficiency in using the tool of mathematics. To them the study of the 
Chapter on Dimensional Analysis is specially recommended. 

The book has the merit that theoretical treatment has been well 
blended with descriptive and practical details, and should add to the 
reputation of Dr. Lai as a teacher of the subject. 



(Da. J.G. Ghosh) 

Late Member Planning Commission^ 
New Delhi, 




Preface to the third edition 


The second edition which was thoroughly revised and cnlatged, 
exhausted earlier than it was expected. In the present edition the five 
basic sections, in which tlie book was divided when it appeared in second 
edition, remain unaltered ; however their contents have hern revised 
in the light of the decision of (Jovcinnicnt of India to change over 
fiom FPR to metric system. 

All formulae, equal ions and tables have now been given in boLh 
the systems. The solutions of some of the pioblems have been given 
in metric units together with FPS units. Some problems, solved as well 
as unsolved, 1 elating to inchic units have also been added. Headers tire 
therefore requested to go llnougli the “Introduction to Metric Units" 
(Page xix). For the use of convulsions from one system to the other, 
Appendices I and 2 will be very helpful. 

It was felt that the procedure for testing turbines and pumps in the 
laboratory should he fully explained A lew niou: articles (If). I I to 15.17) 
have, therefore, been added showing the above 1 details as well as the data 
to be measured and to he calculated for conducting experiments in the 
laboratory. The tables (15.1 to 15,51 have been given showing the 
methods of recording the readings of different brake tests. These will be 
helpful for the sLiulenls and research scholars in evaluating the results of 
the tests performed in the laboratories, as well as for the field engineers 
conducting experiments on the model and acceptance tests, 

For the henelh of those who like to take up the design of a reri- 
procating pump, an article on “Design of Valves" (Art, 11.22) has been 
added in this new edition. Deiiaz Runner which is now gaining importance 
for its use in pumped-slorage plants has now been fully explained (Sec 
Art 10.18 and 10,19), It is not out of place to include the im¬ 
portant items like Surge lank and Finebay (Art. 11,15 and II.lb) under die 
Safety Devices for Penstock (Art. 8.14) 

The following artic les have thus been added to bring the book to the 
present requirements— 

Safety devices for penstocks: surge tanks and ibrehay (Aitfl.M). 

Details of Dcriaz runner and its use for punmed-stornge plants 
(10.18 and 10.19), 

Tidel Power Projects (Art 10.20), JBanki Turbine (Art 8.18). 

Boundary layer theory, its separation and prevention (Art 10.24 to 
10.26), 

Design of valves for reciprocating pumps (Art 11.22), 

Layout, accessories and starting of centrifugal pump (Alt 3 2.15), 

Procedure of Testing for Turbines and Pumps (Art l5.ll to 15,17). 
Hydraulic Crane (Art 16,]5), Hydraulic Lift (Art 16 16). 



The specifications of turbines given in the last edition of this book, 
have been checked. The data of a few more turbinesj installed in India 
during the last few years, have been added. Any discrepency in regards to 
these specifications, pointed out by the readers will be appreciated. 

The author is grateful to Shri S.P. Batloo of Indian Standard 
Institution fISI), New Delhi for supervising the printing work and in the 
preparation of new illustrations. Shri A.D. Kapur Asstl. Prof, checked to 
a large extent answers of unsolved problems. Shri M.M. Sehgal Asstt. 
Prof helped in reading the proofs. My thanks are due to both of them. 
The publishers as usual have spared no pain to maintain the standard of 
printing and getup. 

Many thanks are due to the readers who sent their suggestions from 
time to time indicating the changes to be made as well as pointing out 
some errors. Almost all of them have been incorporated in this edition. 

The author expects the readers to continue sending their comments 
and suggestions to remove errors, if any, and to enhance the value of 
this book. 


Chandigarh 
April 1961 


J-L. 



PREFACE TO THE SECOND EDITION 


The first edition of this book having been exhausted, the author has 
utilised this opportunity to make the book a little more comprehensive 
by completely revising and enlarging it. The book has now been divided 
into five sections and various chapters grouped under them. It is 
believed that this will be a more useful way of giouping the various 
chapters. 

Under the section ‘Testing of Hydraulic Machines 5 a chapter on 
“Testing and Characteristics of Turbines and Pumps” has been added 
which is useful for laboratory work of the students. This will also 
be of interest as a reference to the persons engaged in research work. 

The old three chapters on ‘Water Measurements, 1 ‘Power and 
Efficiency Measurements, and ‘Measurement of Pressure, Level and Speech 
have been grouped under one chapter renamed as ‘Hydiaulie Measure¬ 
ments* which forms the basis of the section ‘Testing of Hydraulic Turbines’. 
Tlie methods of discharge-measurement which were not fully developed 
at the time of writing the first edition of this book, have been described in 
detail now. These methods are : Gibson Jnerlia-Piessure Method (Art 
14.18) and Thermometric and Thermodynamic Methods (Ait 14.19). The 
modern methods of disci large measurement viz • Ultrasonic Flowmeter 
recently developed has also been described. The Manomelric Piston Gauge 
(Art 14.27), meant for measuring precision pressures, has recently been 
developed by Dr. D. N. Singh, Principal, Bihar Engineering College, 
Patna. Measurement of speed by electronic revolution-counter developed 
by NOHAB (Sweden), has been indicated under Art 14.29. 

To keep the book up-to-date, a new chapter on ‘Recent Trends in 
the Developments of Water Turbines* has been added. In this chapter, 
in addition to the discussion on recent developments of individual water 
turbines, the following topics have been included : Pump Storage Plants , 
Reversible Turbine Pump, Undergumnd Power Station, Tubular Turbines , Deriaz 
Runner , Aero foil Theory and its application to axial flow turbo-machinery. 

The chapter on Water Wheels has been renewed as Watei 1 Vheels and 
Development oj Water Turbines by adding the different types of water 
turbines which were developed before modern types of turbines came 
into existence. Articles 6.17 ‘The Theory of' Turgo-Impulse Turbine 5 
and 1.12 f Jet Propulsion 55 have also been added. 

The chapter on Governing of Water Turbines has been rewritten on 
modern lines. 

In chapter on ‘Reciprocating Pumps*, the theory of working of air 
vessel and its design has been added which will be helpful in designing 
Reciprocating Pumps. 

The practical data on frictional loss of head in pipe lines and pipe- 
fittings, which were given in the first edition as Appendices, have been 
arranged under Art 12.19. 


(xi) 



The Aitirle 12.41 on ‘Pump Defects and their Remedies’ given in 
tabular form, will be useful to the practical engineers as well as to the 
students preparing for viva-voce on the subject. 

<3 

The chapter on ‘Recapitulation of Elementary Fluid Mechanics 5 
has been deleted from this book and included in the second edition of 
author's another book named ‘Hydraulics 1 . 

Great care has been taken to give up-to-date data about Turbine 
Installations included in Section IL The author will be glad to know of 
any discrepancy left therein. 

The author is highly thankful to Shri N. Venkata Row, Pi of. M. L. 
Mathur, Dr, S. C- Bhattacharyya and Dr. D. N. Singh for sending their 
suggestions, Shri S.P. Battoo of the Indian Standards Institutions, New 
Delhi, has taken great pains in supervising the woik of printing and of 
jueparation offigiues bv Shri M. J. S. Rooprai. The author's thanks are 
due to them. The publishers have taken great interest to see that the 
printing and get up is of good standaid. Inspite of difficulty in procure¬ 
ment of paper and increase in its cost, the price has been kept moderate. 

Any comments and suggestions to remove errors, if any, and \q 
enhance the value of this book will he gratefully received. 


J. L 


Chandigarh 
October 1959 



PREFACE TO THE FIRST EDITION 


With the launching of ambitious programmes of multipurpose 
projects in India, the importance of hydraulic machines is assuming ever- 
increasing importance. It has been experienced, however, that inany 
of the existing text books in English on fluid mechanics generally deal 
more elaborately with lnainl) hydiaulics and less with hydraulic machines 
such as water turbines, pumps, fluid-pressure machines, etc., Usually 
covering each topic in a single chapter. This book, which is the result 
of a prolonged, specialised study of the subject by the author abroad, 
is designed to meet the growing need for a comprehensive treatment of 
the various topics. 

The book is written primarily for students preparing for a University 
degree in engineeiing or intending to sit for the membership examinations 
of the Engineering Institutions or for the Public Service Commission 
Examinations. The practical side, however, has not been kept out of 
view. The publication should be useful to the engineers working in the 
field, as a reference book for basic knowledge of Hydraulic Machines. 

Whereas the book co\ ers the fundamental principles of Hydraulic 
Machines as also certain principles of designs, detailed designs are 
considered beyond its scope. There is a large number of solved examples 
in the text to illustrate almost every article, and at the end several exer¬ 
cises for each chapter are added for the students to solve. For the purpose 
of making it more comprehensive, some of the examples are drawn from 
different examination papers. The appendices at the end include a few 
useful charts, practical data and some theory as a guide to further study. 
As the Government of India has decided to change over to the metric 
system, Appendix 6 has been added to facilitate conversion of the pre¬ 
vailing Foot-Pound (English) units to the metric ones. 

The practical values of various non-dimensional factors, ratios and 
co-efficients, tabulated in Chapter 9 to 15 are based partly on the author’s 
own experience gained in several firms manufacturing hydraulic 
machinery and partly on data suggested by Prof. R. Dubs in his lectures 
delivered at the Swiss Federal Institute of Technology at Zurich. 

The author is highly thankful to Mr. S. D. S harm a for his valuable 
help at every stage in the preparation of the book and to Messrs K. L. 
Aggarwal and S. P. Battoo for their advice and help, specially in the 
preparation of figures. The author is grateful to the publishers for their 
cooperation in bringing out this book which is necessarily of a complex 
nature, at a comparatively moderate cost. 

The author will be glad to receive any comments and suggestions 
for enhancing the value of this book in future editions. 


JL. 


Chandigarh 

'July 1956 
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SYMBOLS 


A area 

B breadth 

C Yenturimeter & nozzle co-efficient 

Q co-efficient of discharge 

D diameter 

D x mean diameter of Pelton runner or mean bucket circle 

diameter. In general inlet diameter of turbine runner or 
pump impeller 

energy, voltage and Euler number 
force 

F x dynamic force in horizontal or X-direction 
F y dynamic force in vertical or Y-direclion 

F r Fronde number 

weight and modulus of rigidity 
head 

H 0 designed head 
//„ accelerating head 
II manu manometric head 
Him total head 
loss of head 

7 current 

I v polar moment of inertia 
K s Non-dimentional factor for specific speed 

Vj 

^ lu i \/~2gH ~ 11011 'dimentional factor for v x or velocity (^) 
co-efficient 


L 

M 


Ma 

Ah 




P 


,Y, 


A 


u 

V 2fictf = " speed ratio or non-dimentiohal factor for u\ 
length 

moment 
Mach number 
M 

~H “ moment educed to unit head 
speed 
Jf 

V H~ ~ Speed reduced to unit head 

specific speed 
power in HP or KW 
available power or water power 


(xvi) 



(xvii) 
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a 
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f 

9 

h 
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r 

s 

t 

n 

9 


PH power considering the head lost i.e. available power minus 

power consumed due to head lost 
P h hydraulic power 

(P a lyiinus hydraulic losses) 

Pmteh mechanical losses 

P t brake horsepower or net power developed by a turbine 

p 

P x - 8 =power reduced to unit head 

H* 


P n 


di 

A d 


R* 


d. 

d\ 


/. 


3 =spower reduced to unit head and unit diameter 
Z) 2 . (runner or jet) 

quantity of fluid flowing per unit time or discharge 
0 reduced to unit head 

\/PI 

— Q*-—~ =Q reduced to unit head and unit diameter 
D * V H (runner or jet) 

loss of Q" 
radius 

Reynolds^ number 
stroke 

absolute temperature and tare 
volume 

work done and wattage 

area 

breadth 

constant 

diameter 

nozzle diameter 

least jet diameter 

friction co-efficient 
shear stress 

gravitational acceleration = 32*2 ft/sec* (or 981 cm/sec 2 ) 

head or height 

constant 

length 

mass and hydraulic mean depth 
intensity of pressure 
partial discharge 
radius 

distance, specific gravity and stroke 
time 

peripheral or circumferential velocity of water 
absolute velocity of water 



it 


'Vn 


W d 
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*1* 

r tH 

Tju 
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v 
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to 

a- £, 0, 
<£. 

suffix 1 
suffix 2 



velocity of flow 
velocity of whirl 

relative velocity of water and specific weight (weight density) 
specific weight (weight density) 
horizontal distance 
vertical distance 

centrifugal head developed and height above datum 

number of vanes of a guide wheel 

number of vanes of a runner 

angle between absolute and peripheral velocity 

and angular acceleration 

angle between peripheral and relative velocity 

mass density 

efficiency 

hydraulic efficiency 
head efficiency 

manomelvic efficiency 
mechanical efficiency 
pump efficiency 
volumetric efficiency 

overall efficiency 
Thoma's cavitation factor 
fraction 

absolute viscosity 
kinemetic viscosity 
co-efficient 
angular velocity 

angles (in general) 
for inlet 
for outlet 



OX) 

% 12 c 
0^0 
o £? 'V 



q 

-L* 

[3j 

JJ 

0 

5j 

r-j 


> 

c 

a 

TJ 

Id ,—^ 

[3b 

__j OJ 
a U4 

W 

*C 

C T3 

u trt ^ 

3 ’J3 O 

<; 

C3 C rj 

O 3 5 

cd “C a 

T3 

cxx; S 

0 cq ^ 

U 

Li 



«n w w 

v « n 

hn « 


a CT -a —. 

>, cn ^C! 
w <£j ' o 

^ « T> J2 C- CM ^ 
o (jj b w_r_"CP 


} CM CO O CO • 
i •“< CM 
CM 


TJ ^ -^.jd <: 
I fi 

3 Ac W, T3 

-Ci O w u 

.3 & 

g „* g S § n 

2 § § a sj 

^ Z: cm ii 


W u S 

^ OJ 

00 cd +d 


a ^ R ** *5 c 
• s to a g-§ p 
S •a“i S bn 

G £ w QJ c 

c o S # s 03 -S 

£L u 2 u u 

CTc/2 bfl O^q g 

„ ^ o ^ ^ ,g 

V n£ rq{ -M 


*. q 


-t o «J ^ „ 

Ph T 3 g 

K *. U T3 g tj 

■5 05 uSa 
g (*< SS.2 

IH ° fcL, M O 

bo 0 W X u +- 

R crt M « *T3 

*r* n. ri w cu 


•r cl a 

§ Ss 


« -flj 

« . , g >> 
.t3 q o 

s p a, 

oS 

4) J? <J 

l5 ^ ^ 

h -a 


-*-> b <u ,—* cd 

u +-? g cd (S 

a «) g 5 s s 

5 b s EL'S O 

H O O <n ^ a 

£ s3 a 


.♦s 6 s a 
s g g oj2 

w U T3 S^4 

S ■—'«—• ■—‘___ 


o o o ■ 

1 -• —* O ■ 
o 


E 

S 4> 
00 £ 
© s 

s — «*-* 

5 II II 


6 A 

cd 

MmS 

O ”(il 

^3 £ w> 

I .«« rS 

4 S 6b3 

.is a o o 

5 hn° O 

+s* 0 ^O O 


a *0 






Symbol 

Metric Units 



i 

1 b) Physical— 

1 dyne== 981x10 s “0-98IX10 6 ks 
' (v g=981 cm/sec i ==9‘81 m/sec 2 ) 

I 

2. Derived Units— 

l 

1 

j 

a) Capacity or 
Volume 

V 

1 

| 

1 

i Jitrc=Volume occupied by one kg of water 
*= (dm) 3 —1,000 cubic centimetres (cc) 
cubic centimetre (cm 3 ), cubic decimetre (dm 3 ), 
cubic metre (m 3 ) 

f 

i 

b) Density 

W 

i 

one gram per cubic centimetre 
(1 g/cc) of water—1,000 kg/m s of water 

t) Work 

1 

1 

1 

| W 

a) Technical — 

kg cm, kg m, tonne m 

! 

j 

[ 

i 

i 

b) Physical — 

1 erg=l dyneX 1 cm 

1 1 1 

0 981 x 10«x i0 a “0-981 Xl0 s S 110 

1 joule—IQ 7 ergs 

10? 1 

“ 0-981 x 10 s “ 9-81 kgm 

J 

d) Power ! 

work | 

~ time 

p ' 

i 

kg cm (sec, kg m|sec 

1 watt =1 joule/sec 

1 kilowatt (kw)==-~|^- = 102 kg m/scc 


i 

i 

1 metric horsepower=75 kg m/sec 
=0-736 kw 


I'PS Units 


1 

1 


b ) Physical —- 


poundal; 
poundal: 


1 


32*2 lb (V S = 32 ' 2 £t ' scc "> 
453‘6x 30‘48 dynes 


gallon (imperial) — volume occupied by 

10 lb of water 
10 1 f3 
62'4 6*24 

cubic inch (in. s ), cubic feet (ft 3 ) 

62*4 pounds per cubic fool (62*4 lb/fl 3 ) 
i g/cc = 62*4 lb/it 3 

a) Technical — 

lb ft, ton ft 

b) Physical — 

foot-poundal——ft. lb. 


a ) 


T echnical — 

lb ft/sec, lb ft /min 

1 horsepower (British) = 550 lb ft j sec 

= 76*2 kg m/sec 
= 0-746 kw 


% 




CHAPTER 1 


DYNAMIC ACTION OF FLUID 


1.1 Definition. 1.2 Impulse-Momentum Equation. 1.3 Dynamic Force exerted by 
Fluid Jet on Stationary Flat Plate 1.4 Force on Moving Flat Plate 1.5 Pressure due 
to Deviated Flow 1,6 Fluid Jet on a Curved Plate (Stationary and Moving Plates) 
1.7 Absolute Path of Water 1.8 Fluid Jet on Moving Curved Surface of a Turbine 
Blade 1.9 Velocity Diagrams of Turbine Blades (List of Symbols used in Velocity 
Diagrams of Triangles, Drawing of Velocity Triangles) 1.10 Work Done on Tangential 
Flow Turbine Runner 1.11 Radial Flow over Turbine Blade 1,12 Jet Propulsion. 


1.1 Definition—-The velocity of stream of fluid entering a 
machine, such as a hydraulic or steam turbine, pump or fan, has more 
or less a defined direction. A force is always required to act upon the 
fluid to change its velocity either in direction or in magnitude. According 
to the Law of Action and Reaction (Newton's Third Law of Motion), 
an equal and opposite force is exerted by the fluid upon the body that 
causes this change. This force exerted by virtue of fluid motion is called 
a Dynamic Force and must be distinguished from hydraulic pressure. 
Whereas hydrostatic pressure implies no motion, dynamic force always 
involves a change of momentum. 

1.2 Impulse-Momentum Equation —This equation is derived 
from Newton’s Second Law of Motion which states that “The rate of 
change of momentum is proportional to the applied force and takes 
place in the direction of force.” 

Momentum of a body is the product of its mass and velocity. 
Let m be the mass of fluid moving with velocity v and let the change in 
velocity be civ in time dt , 


Then change in momentum=»i . dv 

civ 


and rate of change in momentum— m . 


it 


According to above law. 
Dynamic Force 

or 


F 


—Rate of change in momentum 
m . dv 

~di~ 


.(i.i) 


This equation can also be written as 

F . dt—m . dv ...(1.2) 

i,c., Impulse of dynamic force=change in momentum of body. 

This is the Impulse-Momentum Equation. 

The quantities in above equations are vector quantities and must 
be added or subtracted vectorially. i.e., 

(27 F„) . t=7n . (27 v x ) ...in X— direction 
and (S F v ) . , (27 v y ) ...in T—-direction 


...(Ua) 

...( 1 . 26 ) 
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HYDRAULIC MACHINES 


1.3 Dynamic Force Exerted by Fluid Jet on Stationary Flat 
Plate : 


a) Plate Normal to Jet (See Fig 1.1)—A fluid jet issues from a 
nozzle and strikes a flat plate with a velocity v. The plate is held 
stationary and perpendicular to the centre line of the jet. 

Let quantity of fluid falling on the plate, in cu ft/sec 

or m 3 jscc 

volume 

time 

then w . 2,=weight of fluid in ib/sec or Kg \sec 

and W - — mass of fluid per sec 
9 

If the fluid is so deflected by the plate that it loses all the velocity v 
normal to the plate, then 


Dynamic force*® Change of Momentum/sec 

—mass striking the plate/secX change of velocity 
normal to the plate 


fl 



U 


Fig 3.1 Fluid Jet on Stationary 
Vertical Plate 


or (o-0) 

g 


W . (I 

~T 


...(1.3) 


Further Equation of Continuity is 
written as 


Qr=a . v 


where area of cross-section of jet 
^ w . a . v z 

F =‘ ..,(1.3 a) 


b) Inclined Plate— Again it can be assumed that all the velocity 
®/\* / normal to the plate is lost, 

sfJL / TIien dynamic force also acts 



Fig 1.2 Fluid Jet on Stationary Inclined Plate 


normal to the plate and is 
given, as before, by 

F =mass striking the plate 
per sec X change of velocity 
normal to the plate 

Velocity normal to the 
plate = ysin0. This is the 
normal component of velocity 
v as shown in Fig 1,2 


F= 


w. d 
9 


. v . .sin B 


w , a D 2 

~g ' 


* sin Q 


...(1.4) 
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Component of this force F in the direction of jet (See Fig 1.2) is 

F X ~F . sin 6 = W . v , sin 2 0 -•-(1.4«) 

No work is done in the above cases. 


Problem 1.1 Find the force exerted by a 2 in. diameter water 
jet directed against a flat plate held normal to the axis of stream. The 
velocity of the jet is 115 ft per sec. 


Solution 

d= 2 in. v= 115 ft/sec w;=62‘4 lb/cu ft 0=^32‘2 ft/sec 2 
Rate of flow Q—a . v (Equation of Continuity) 

--J-X (jij) X 115 cu ft/sec 


Applying Eqn 1.3, 
Dynamic force F= 


w . a . v 
0 

62 4X' 


% 


or 




/ 2\ 2 ) 
<12) x115 J 


X 115 


322 

62 , 4X'JC X4x 115x 115 .. 

— lb 


lb 


4x 144x32'2 
Force=558 lb Answer 


Problem 1.2 A 2.5 cm diameter water jet exerts a force of 90 kg 
in the direction of flow against a flat plate which is held inclined at 
an angle of 30° with the axis of stream. Find the rate of flow. 

Solution 


d= 2'5 cm F a ~90 kg 0 =30°, sin 30°=0*5 

Applying Eqn \Aa, Dynamic force in the direction of jet, 

j F X ~F . sin 0 = 3 ^' s * n ^ 


-’-Q. . s in*0 

g a 


or 


90 X 1,000--g* x 


JL 

^-( 2 - 5 )* 


X 0‘5 a 


or 


„ , / 90x 1,000X981 Xtc x 2'5 a . 

2,= /Y- 4 ^ Q . 5 8 -=41,640cm 3 /sec 

£)**41‘64 litres/sec Answer 


If the plate were held normal to the axis of jet instead of being 
inclined at 30°, the rate of flow £> to exert the same force would obviously 
be 20‘82 litres/sec, as sin 0 will then be unity and Q varies inversely with 
sin 0. 

Problem 1.3 A square plate weighing 28 lb, and of uniform 
thickness and 12 in. edge is hung so that it can swing freely about the 
upper horizontal edge. A horizontal jet f in, diameter and having a 
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velocitv of 50 ft /sec impinges on the plate. The centre line of the jet 
is 6 in. below the upper edge of the plate, and when the plate is vertical 
the jet strikes the plate normally and at its centre. Find what force 
must be applied at the lower edge of the plate in order to keep the 
plate vertical. 

If the plate is allowed to swing freely, find the inclination to the 
vertical which the plate will assume under the action of the jet. 

(London Unitersity) 

Solution 


U = 28 lb 



Dynamic force applied at the 
Fig 1*3 centre of the plate in A—direction, 

F £ = , e~^. v (See Eqn 1.3) 

(52-4X TxfATx50 2 
„ _ w . a . ir 4 \48 / 

g ' = 32-2 

= 14-8 lb 




Fig 1.4(a) Fig 1.4(b) 

Let F’j, be the force applied horizontally at the bottom edge of 
the plate (See Fig 1.3) to keep the plate in vertical position, Taking 
moments about 0, the upper edge of plate, 

F’ t x 12 = 14-8x6 

14-8X6 , 

or t - =7 - 4 lb Answer 


b) If the plate is allowed to swing freely, the vertical distance 

from the pivot 0 to the centre line of the jet remains fixed at 6 in. (See 

Fig 1.4a), however the distance from 0 to the point where it strikes ihe 
plate, varies with the angle of inclination 0. Thus with angle Q lt the 
distance is OA j and with &„ it changes to OA 2 . 

Let the actual inclination be 6, 

then distance BG= OG sin 6 = 6 sin 8 (See Fig l,4i) 

Now there are two forces acting on the plate— 

Force F x acting at 6 in. from 0 

and force W acting at a distance 6 sin 6 from 0. 
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If the plate is to be in equilibrium, the moment of these forces 
about 0 must balance each other. 

4 \ F x X 6 = IFx 6 sin 6 

. F, 34-8 * 

or sin 0—yp-= 28 =0 53 

or 0=sin~' 1 0'53 = 31°—21' Answer 

1.4 Force on Moving Flat Plate —Let the plate in Fig 1,1 move 
with a velocity u in the same direction as the jet. Now, after the jet has 
struck the plate, it acquires a velocity u in the same direction and the 
change in velocity is (v~u) . Also the quantity of water striking the 
plate per second is given by cross-sectional area multiplied by the velocity 
of jet relative to plate. 

i.e, Qj=a . (y — u) 

Again, Force = mass striking/sec X change of velocity 

„ w . Q f % w . a . . 2 .. c . 

F== ~J~ (o-a)=-y— (v-u) 2 ...(1.5) 

Here the distance between plate and nozzle is constantly increasing 
by u ft/sec. A single moving plate is, 
therefore, not a practical case. If, how¬ 
ever, a series of plates (See Fig 1.5) were so 
arranged that each plate appeared succes¬ 
sively before the jet in the same position 
and always moving with a velocity u in the 
direction of jet, weight of water striking 
the plate would be 

w . a . v 

8=5 ’ y 

and (v~ll) ...(1.6) Fig 1.5 Fluid Jet on a Series 

p of Moving Plates 

Work done oil the plates. u 

=^-~'(v-u)u ...(1.7) 



Kinetic energy of jet 


V <” • a) 



V 




G 
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Substituting the value oftf in Eqn 1.8 



— J or O'J ...(1.9) 

Problem 1.4 A jet of water 3 in. in diameter moving with a 
velocity of 40 ft per sec strikes a flat vane which is normal to the axis of 
the stream, (a) Find the force exerted by the jet if the vane moves with 
a velocity of 15 ft per sec. (b) Determine the force exerted by the jet 
if instead of one flat vane, there is a series of vanes so arranged that 
each vane appears successively before the jet in the same position and 
always moving with a velocity of 15 ft per second. 

Solution 


d— 3 in. 

2=40 ft/sec 
«=15 ft/sec 

Gross-sectional area of jet 



sq ft 


a) Force exerted by jet on a single vane 


Fs= _ (v — ti) 2 

y 

62'4X ^(^) 2 X(40-15)» 

= 32 2 

= 59'5 lb Answer 


b) Force exerted by jet on a series of vanes 


(See Eqn 1,5) 


F jv .a^v (Sec Eqn 1.6) 

62 ' 4x tGi) x40x (4°-15) 

"32-2 

=95 2 lb .-lHiiiw 


1.5 Pressure due to Deviated Flow— Velocity of a stream of 
fluid moving in a machine changes its direction and the dynamic force 
resulting from the consequent change of momentum is to be found out 


Let the time taken in negotiating the bend in Fig 1,6 from point (1) 

' to P° int (2) be t. Mass of fluid 
flowing in this time, 

«>• a M 


Velocity of each particle of fluid 
and therefore of the whole mass m, 
has changed in time t, from v to 
o . cos a in X-direction and from zero 
to v sm a m Y-direction. 


Fig 1.6 Flaw in a Bend 
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Average acceleration (strictly, retardation) in ^-direction, 

v —&cos a y(l-cosa) 

7 = 1 

Average acceleration in F* direction 
v sin a 


Since 




* 


Force = mass X acceleration, 
• /» 


. 0, 

£ 

^ i a 


. y(l — cos a) 


. v sin a 


...( 1 . 10 ) 

...( 1 . 11 ) 


In Fig 1.6 dynamic forces F x and F v are shown in the direction 
in which they act on the supports keeping the bend in position. 


Now, 


F k — — . v . (1 — cos a) 

*7 

2 . w . a . a 2 v 

= 2 -(1-cos a) 


If a -90° (See Fig 1.7), 


Fa - 2 . w . a 


2-9 


...( 1 . 12 ) 


i.e.) twice the pressure corresponding to 
the velocity head considered acting hydrostati¬ 
cally on an area equal to that of the cross- 
section of the stream. 



Fig 1,7 Flow in a 
90°—Bend 


Practical Uses—A pipe line of large diameter, carrying water 
for Town Water Supply or Water Power Plants is required to be bent 
in order to lay it on the ground of different elevations. At the pipe 
bend large forces are brought into play in different directions, for which 
Anchor Blocks of reinforced concrete are built round the bend to with¬ 
stand these forces by using Eqns 1.10 and 1,11. Such a force will 
be maximum when the pipe has a 90°—bend. 


If cc = 180°, 


2 . w . Q 


. . w , a . 


2 g 


F x is max and 


9 


...(1.13) 
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Fig 1.(5 Jet on a Moving Vane of Double 
Hemispherical Type 

Solution 

jfr=50 3b/sq in. 
d—12 in. 

£T=9 cu ft/sec 
a—135° 


Practical Use—Fig 1,8 shows 
a moving vane of double hemi¬ 
spherical type used for Pelton tur¬ 
bines (See Chapter 6). The water 
stream impinges at the centre of 
the vane and deflects through an 
angle of 180°. At the same time 
tlie water stream is symmetrically 
divided at the centre of vane, 
with which the /-components of 
dynamic force (Fy), one of them 
acting towards the bottom and 
the other acting towards the top, 
neutralise each other. Thus the 
remaining force F w is twice the 
ordinary dynamic force shown in 
Eqn 1.3 a. This force is utilised to 
move the wheel of modern water 
turbine known as {c Pelton Tur¬ 
bine” (See Chapter 6), 

Problem 1.5 Water under 
a pressure of 50 lb per sq in. is 
flowing through a 12 in. pipe at 
the rate of 9 cusecs, If the pipe 
is bent by 135°, find the magni¬ 
tude and direction of the resultant 
force on the bend, 


Velocity of water flowing in the 




= 11*45 ft /sec, 


Force in ^-direction* applying Eqn 1.10— 

^ w . 0 . 

F a .=*-— . v . (1 —cos a) 

9 

62-4 v 9 

grug-X 11*45X (1+cos 45°) 


62-4x9x1 1*45x1’707 
32*2 

Force in /-direction, applying Eqn 1.11 — 

77 w ‘ Q 

T -. v , sin a 


— 341 lb 


62‘4vQ 

--X W*45 X 0*707=141 lb 


32‘2 
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Force exerted by water under 50 lb/sq in, 

—p . A = 50x x 1 2 X 144 ) = 5,655 lb 

Component of this force in A r -dircction 

= 5,650(1—cos a) =5,655 x 1*707=9,653 lb 
Component of this force in. Indirection=5,655 Xsin a 

=5,655 x0'707=3,998 lb 
Total force in A r -direction=341 + 9,653 — 9,994 lb 
Total force in ^-direction = 141 + 3,998=4,139 lb 
Hence resultant force= V9 i 994 2 +4,139 2 = 10,817 lb 

4 139 

Direction of resultant=tan“ 1 * =22° —30' 

9,994 

with the original direction of flow. 
Answers 

Problem 1.6 A 4 ft diameter pipe line carries 65 cusecs of water 
for the town supply. A 90°-bend has to be fitted in the line by anchor¬ 
ing the end of the pipe with the help of tic rods at right angles to the 
pipe at the ends of the bend. Find the tension in each tie rod. 


Solution 


d — 4 ft 
a =-90° 


(7 = 65 cfs 


Velocity of water in the pipe line, v~ 


0 


or 


- - 


65 


:5'i75 ft/se 


Dynamic Force F mX - 


4 

iv . f) 


9 

w . d 


X 4 2 

a(l —cos a) 


9 


w(l — cos 90°) 


w . d 2 w . a 

- -— 0=-x—— 0 

9 2g 


(See Eqn 1,10) 


. (See Eqn 1.12) 


or 


62'4x65 

F v =s-32*2—* X 5*175 = 652 lb Answer 


As the tie rods are fitted at right angles to the bend, the amount 
of tension in each rod is 652 lb, 


Problem 1.7 A jet of water moving with a velocity of 60 ft/sec 
(or 18*3 ??z/sec) impinges at the centre of a double hemispherical cup and 
is deflected through 180°. Find the dynamic force of jet per lb 
(or 0'4536 kg) of water if 

a) the cup is stationary, 

b) the cup is moving with a velocity-of 25 ft/sec (or 7*625 m/sec), 
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c) instead of one cup, there is a series of cups, so arranged that 
each cup appears successively before the jet in the same 
position and always moving with a velocity of 25 ft/sec (or 
7'625 m/sec). 


Solution 

ft/sec (or 18 - 3 ml sec) 
25 ft/sec (or 7*625 m/sec) 
w.Q= 1 lb (or 0*4536 kg) 
a~ 180° 


<z) As explained in Fig 1*8, the ^-components of dynamic force will 
neutralise each other, then the force acting will be in A" direction only. 
Applying Impulse-Momentum Equation, (See Eqn 1.2 a) 

(A F.) t±=m 2{v x ) 


or 

or 


F x , / = ^t(v — v cos a) 

g J 

„ W . 0 , . I 

-“-^(1 — COS a) 

a 


This equation has already been derived under Eqn 1,10. 
Now substituting the value of a, 


& 
g 

_2xJ_ 

32-2 


— . » 


(same as Eqn 1.13) 


X60=3"73 1b Answer 


2 X 0 4536 


9 , 8 , - X 18*3=1*695 kg Answer J 
b) w.0~l lb (or 0-4536 kg) »=G0 ft/sec (or 103 m/sec) 
62*4 c4s ^° r ® cm 3 /sec or 0 4536 lit/scc) 


[V 1 lit/sec= 1 (dtnyjscc] 

and Gross-sectional area of jet per lb (or 0 4536 kg) of water 

a ~ o~ = 62-4x6o SCJ ( or i8^rr<r 0 ' 248 * 10-1 sq m> ) 

The dynamic force F % is given by 
p _ 2 w • 0. . v* 

* ^ ...(See Eqn 1.13) 

As the cup is moving with a velocity «, then 

F X =4 W . a. 

2 g 


=4x62-4x- 


1 


62-4x60 


$ 0 - 25)1 
64-4 " 


=127 lb Answer 
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£or F x = 4X 1000 X 0 248X 10-*x = 0 575 k S 


Answer 




c ) With a series of cups moving, the dynamic force 
2 w . Q 
0 

2x1 
= 32-2 


- (»-«) 

x (60—25)== 2'175 lb Answer 


or F x =* " X 9 ° 8 ^ 5 — X ( 1 8-37—7*625)= 0 985 kg 


Answer 


1,6 Fluid Jet on Curved Plate— 

a) Stationary Plate —The jet impinges on a curved plate Fig 1.9, 
at an angle a x and is deviated to an angle « 2l both angles being measured 
with respect to X- direction. Let v 1 and r 2 be the velocities of jet at inlet 
and at outlet respectively. The velocity of jet at inlet v x and the velocity 
of jet at outlet v 2 will be same as long as there is no friction on the plate, 

Velocity of jet at inlet in xY-direction=» 1 cos a x 

Velocity of jet at outlet in Z-direction = r 2 cos a 2 

Force exerted by the jet on the plate in Z-direction can be 
determined by applying Impulse-Momentum Equation— 

(X F x ) . t=m (X 0*),..Z-direction ...(See Eqn 1,2a) 


INLET 




Fig 1.10 Jet Falling on Stationary Curved 
Plate with Obtuse Discharge 
Angle 


^=-~ X change of velocity in X-direction 

r, -W . Q_ . 

■* - V^l COS COS Otg) 


...(1.14) 
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where —Quantity of water per second falling- 

on die plate ...(1.15) 

-—- (»1 cos «!—z/ a cos ocj ...(1,16) 

If die curvature of the plate at outlet is such that outlet angle c/. 0 
is more than 90' (See Fig 1.10), then the second term in the bracket of 
Lqn 1.16 (i.e. v« cos «■>) wilt be negative. 

Hence in order to get more force, the curvature of the plate should 
be such that the outlet angle oc» is obtuse. 

A b) Moving Plate— 

The jet having an inlet 
& velocity impinges on 

"vVz/S INLET amoving curved plate 

JEr ' at an a ” gle ( See 
y_ _v Til) with respect to 

A Jif-direction. The curva- 

NXjA turc of the plate at die 

point where tlie jet 
Yy\ strikes may or may 

W4-— u not make the same 

W\ angle ^ with JE-direc* 

W\ tion. Let the angle of 

VVA curvature of the plate 

v U 2 at inlet with the revers- 

* ’ nSsJaT 1 , “ ^ eel direction of motion 

OUTLET H\ ~ u> h Pl - (FiS u \ l) - 

ft ^ The plate is moving 

t 2 with a velocity u in 

fig 1.11 Jet Falling on Gloving Curved Plate with ^ direction. As soon 

Ac« te Discharge Angle «* a ? , the & (alls °VM the 

* . . . plate, the velocity of 

jet remains no more equal to o lt but it becomes the velocity 

bv i SSv r the „r i0n 0f the pkte - This velocity is denoted 


OUTLET 


fig 1,11 Jet Falling on Ktoving Curved Plate with * tree ton. As soon 

Acute Discharge Angle «„ ^ lle *?} faIls , over the 

* , . . plate, the velocity of 

jet remains _ no more equal to »„ but it becomes the velocity 

bv i t -° the ,™ QUOn ° f the Pkte ' This vel °city is denoted 

by w i. Its direction will be tangent to the point of inlet. Its magnitude 

eram of VelSu^ ^ bu ' actu }S, 11 from °i vectorially by Law of Parallclo- 

l veloc f kv » Th T lej h S1C ? S °. Vcr , the curved surface of the plate with 
a velocttj «*. Thus when the jet leaves the plate, its relative velocity 

will remain equal to a* provided there is no decrease in velocity due to 
fnetton on the surface of flow. Let the velocity of jet relative to the 
plate motion at outlet be denoted by zo a , then w,-w->. Let the nlate at 

reversed °direction" of “ t - ** ^ ^ ^' is raeas ^ from the 

witeatoX? w rr ^°, w the absolute velocity of 

water at outlet % will be the vector sum of the following two velocities- 

0 Velocity of water with which the water leaves the plate z>. «< s , 
it) Velocity with which the plate moves in Z-direction i.e. u. 

-4- ——'r 

» s =ws + a . ...(1.17) 

which the absolute velocity of water “ make* with I f lhe a "? C 

the direction of motion, is denoted by'o, h X ' directlon or Wlth 
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Force exerted by the jet on the plate in A'-direction or in the 
direction of motion, is determined by applying Impulse-Momentum 
Equation— 

(A* F x ) t~m (27 i> tC ).in A-direction ...(See Eqn 1.2a) 

in 

or F x ~-~ x change of velocity in A-direction 


„ w . 0 , s 

or F x ~ ~ (Vx cos cq — v% cos a 2 ) 

where Qj=a {i’i~u) 


...(U3) 

...(1.19) 


The water issues from the jet at the rate of av L > However the 
plate moves away from the jet with velocity //, therefore the velocity of 
the jet falling upon the plate is reduced by u, .or the velocity with which 
the jet falls upon the plate—rq — u. 


This is the velocity of water relative to the motion of the plate 


„ w . a (vi —«) , . 

F x ~ ^ (^i cos a x — v 2 cos a 2 ) 


...( 1 . 20 ) 


For a 2 > -y, cos a 2 <0 (See Fig 1.12) 


Then the second term in the bracket of Eqn 1.20 (i.e, v% cos oc 2 ) 
will be negative. Hence in order to get more force } the curvature of 
plate should be such that cc B is obtuse. 

1.7 Absolute Path 
of Water—When the 
jet strikes the moving 
plate, its position is given 
by full lines (See Fig 
1.12). As the plate RELATJV£ 

moves with velocity u, PATH 

it reaches the position — - — 
shown by dolled lines 

when the jet leaves it. 

Now there are two 

paths traced by water 

jet, one over the plate 
surface which is relative 
to the motion of plate 
and therefore appears to Fi S u 2 Jet Falling on Moving Curved Plate with 
be moving with the Obtuse Discharge Angle a 3 

plate ; and the other is known as absolute path which appears to be 
stationary with respect to earth. 

To determine the absolute path of water parotide (See Fig 1.13) 
take any six points (0 to 5) from the inlet to the outlet of the plate. 

Take the distances Swq^ Sw q ^z, Sw q - 3 etc along the curved path 
of the plate from the point of entrance 0 to points 1, 2, 3 etc. These 
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I iff 1.13 Dtu liiiination i*f Alv-oIiUc l\ilh 
mI Wtitn PaitiHi fimu its Rt*ldfi\f Path 


etc taken in hoiizontal direction 
absolute path of water particle. 


ate the distances travelscd by the 
water particle with the velo¬ 
city of water relative to the 
motion of the plate in times t l9 l 2i 
t z etc respectively. Now take 
the distances j5’«o —13 ^o-a* ^ w o-3 
etc in the horizontal direction 
from points I, 2, 3 etc respec¬ 
tively. These are the distances 
travelled by the plate moving 
v\ ith Uy its peiipheral velocity in 
time t l9 t 2i / 3 etc respectively, 
join the points vS'uo-u ‘S'wo-aj ^ 0-3 
with a curve which indicates the 


I’hc diicction of absolute velocity of water at any point will be 
tangent to the absolute path of water. Similaily the direction of 
relative velocity of water at any point will be tangent to the relative 
path of water. The direction of the peripheral velocity of plate is always 
horizontal. The direction of all the three velocities u> v and w being 
known, the velocity triangle can be drawn at any point of the path. 
The velocity triangles have been shown at points 0, 3 and 5 in Fig 1,13. 


Problem 1.8 A circular water jet having a cross-sectional area 
of 4 sq in. moves with a velocity of 110 ft per sec and strikes tangentially 
a curved plate. The angle of curvature of plate at outlet is 120° with the 
^-direction. Assuming the plate to be frictionless, find the force exerted 
by the jet on the plate in AT-direction— 

a) when the plate is stationary, 

b) when the plate is moving in the direction of jet with the 
velocity of 50 ft/sec. 


Solution 

Cross-sectional area of jet a =4 sq/in. 
Velocity of jet at inlet v x — 110 ft/sec 

Angles ai=0* 5 ct 2 =l20° 

Quantity of water falling on the plate per sec 

Qj^av^ — - x 110=3*056 cfs 


a) Jet falling upon stationary plate—Velocity of jet at inM in 

A~direction=z/ 1 cos cos 0 o =rz/ 1= =ll0 ft/sec 

As the plate is stationary, the velocity of water at outlet will be 
the same as that at the inlet :le. v^v x , because. there is no friction on 
the plate (See Fig 1,10). The velocity at the outlet makes an angle oco 
with A-direction. & 


Velocity of jet at outlet in AT-direction 
=02 cos a^llO cos 120° = — 110 cos 60°; 


: — 55 ft/sec 


- f orce exerted by the jet on the plate in Z-direction = 
water/sec X change of velocity of water in AT-direction 


=mass of 



dynamic action of fluid 


15 


or 



(a . i f i) 


(v x cos otj.—cos a 2 ) 


...(Eqn 1.16) 


62*4 
= 32’2 

62 4 
~ 32‘2 


x( Xllo)j 110 -(-55) J 

X A X 1 10X 165=978 lb Jiiw 


6) Jet falling upon moving plate—Peripheial velocity of plate 
t/=50 ft/sec. 

Velocity of water relative to the motion of plate at inlet w^v^-n 
(Vector Subtraction of zq and u as shown in Fig 1.14) 

= 110 — 50=60 ft/sec to the right. 

Quantity of water falling on the plate/sec, 

4 

Q=a (z»i —u) = X 60 cfs 

Velocity of jet at inlet in A'-direction 
= zq cos oq-^-zq^llO ft/sec. 


As the plate is moving 
discharging out with a velocity 
relative to the motion oT the 
plate i. e. z>i — u~w v Since 
there is no friction on the 
plate, this velocity Z’i - u 
= It makes an angle 

120° with A'direction or with 
the direction of the motion of 
plate. Hence velocity of 
water at outlet t's will be vector 
sum of the following two 
velocities — 


with a velocity u, the water will be 



•i£ Cos a, 



uyr^-u) 


i) Velocity of water with which the water is discharging out 
wi~v 1 — u 

ii) Velocity of the plale=z/ 

v 2 — (zq— u) + u ...(See Eqn 1.17) 

This can be determined by Law of Parallelogram of Forces as shown 
in Fig 1.14. The angle which the velocity of water v 29 or the resultant, 
makes with AT-direction is a 2 * 


Velocity of jet at outlet in A'-directien 

cos (v ± -u) cos (180°-120°) =-50-60x0-5=20 ft/sec 

Force exerted by the jet on the plate in A'-direction=mass of 
water/sec X change of velocity of water in AT-direction 


F x ==^-~ (tq— u){v t cos oq-p 2 cos a a ) ...(See Eqn l.gO) 

62*4 4 

= ^ x T4r xe0(110 ~ 20) 

=291 lb Answer 
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1.8 Fluid Jet on Moving Curved Surface of a Turbine 
Blade—Fig 1.8 and 1.15 show the sectional plan of a double hemispheii- 



Fig 1,15 Plan of a Double Heinisphencal Tui bine Bucket 
cal blade or bucket as it is sometimes called. Such buckets form 
the runner of water tui bine of Pclton type, shown in Fig 1.16. Each 
bucket consists of two hcmispheiical cups separated by a sharp edge 



Fig 1.16 Runner of Pclton Water Turbine 

A 1 - -A^A c f ntre Y T . he wat «' jet impinges at the centre of bucket and is 
divided by the sharp edge, without shock, into two parts moving 
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sideways in opposite directions. The jet is thus deflected backward when 
leaving the bucket (Fig 1.8 and 1.15). The theoretical angle through 
which the jet deflects is 180° (Fig 1.8), but due to some practical 
difficulties 3 the angle of deflection is made equal to about 160° (See 
Fig 1.15). 

The moving curved surface of turbine blade is similar to the 
moving curved plate described already under Art. 1.6 (b). The flow 
over the curved surface has been shown in Fig 1.12 as the outlet 
curvature of the plate J3 2 is obtuse in case of turbine blade. 

The blade moves with a peripheral or cii cumferential velocity of 
n =co . r 3 where to is the angular velocity of the wheel to which the 
blade is fixed and i is the radius of arc of a ciicle drawn from the 
centre of the wheel to the point where the jet impinges. Now the 
radius r is same at the point of inlet and at the point where the jet 
discharges because both the points of inlet and outlet are in the same 
horizontal plane. Hence the circumferential velocity of the blade at 
inlet and outlet is same 

i.e. } 11=1^=110 ...( 1 . 21 ) 

1.9 Velocity Diagrams for Turbine Blades—Fig 1.17 shows 
the typical velocity diagrams or triangles of turbine blades. They have 
been taken from Fig 1.12 and are redrawn. 

List of Symbols used in Velocity Diagrams or Triangles : 

U x and u 2 : Circumferential or peripheral velocities of vanes at inlet 
and outlet respectively. 

Wi and W 2 : Velocities of jet relative to vane at inlet and outlet 
respectively, 

Vx and vz : Absolute velocities ( i.e relative to earth) of jet at inlet 
and outlet respectively. 

(a) 




Fig 1.17 Typical Velocity Tnangles for the Flow over Tuibine Blade 
[a) Inlet ( b ) Outlet 

ax and : Angles between v 1 and u u and v 2 and respectively i.e., 

angles of jet with direction of motion of vane. 

'p 1 and : Angles between and— u x and and —u 2 respectively 

i e ., angles of vane tips. These angles are measured 
between w and u reversed . 

The absolute velocities v x and can be resolved in two components ; 
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a) Tangential components v x cos a x and vo cos a 2 are represented by 
symbols v u and v Uz respectively. These components are parallel to the 

direction of motion of vane i.e. u and are therefore responsible for doing 
the work. Therefore they are termed as Velocities of Whirl. 

b) Radial or axial components v ± sin a x and v 2 sin 0.2 are 
represented by symbols and v m ^ These components are perpendi¬ 
cular to the direction of motion of vane and hence they do not do any 
work on the blades. These components cause the water to flow through 
the turbine blade and are therefore called the Velocities of Flow. 

Drawing of Velocity Triangles—The velocity is a vector 
quantity, therefore the velocity triangle is a vector diagram. 

Inlet (See Fig 1.17c) —Draw AC*= v u the absolute velocity of 
water at inlet at an angle of a* to the wheel tangent. Draw 
AB—Ux — the peripheral velocity of wheel in the horizontal direction. 
Join BC , which gives w u the velocity of water relative to wheel motion 
at inlet, making angle j3i with wheel tangent. 


Wi = — % 

Resolve the absolute velocity of water at inlet into two components 
u u ^, the velocity of whirl at inlet which is the tangential component, 

and the velocity of flow which is the normal or radial component. 

Mark the directions .of the velocities with arrows as shown in 
Fig 1,17a. 

Outlet (See Fig 1.17ZJ — Draw CD=u 2 the peripheral velocity of 
wheel at outlet, in the horizontal direction. Draw DE=^w^ relative 
velocity of w f ater at outlet, at an angle p 3 to u%. Join CE which gives 
the absolute velocity of water at outlet, making an angle a 2 to the wheel 
motion. 

Vs + u 2 

Resolve the absolute velocity of water at outlet into two com¬ 
ponents the velocity of whirl which is the tangential component, and 

v m the velocity of flow which is the normal or radial component, 

Mark the direction of velocities with arrows as shown in Fig 1.17b> 
The velocity of whirl at outlet v u may be positive or negative, depending 

upon the angle a 3 being acute or obtuse respectively. 

1.10 Work Done on Tangential Flow Turbine Runner— 

The tangential flow turbine runner is shown in Fig 1.16, It consists 
of a number of double hemispherical type blades shown in Fig 1.8. 
The jet of water issues from a nozzle and impinges on a few blades of 
runner at a time with an absolute velocity of water £J lt Thus with this 
arrangement, each blade of the wheel appears successively before the 
jet in the same position. The wheel revolves with an angular velocity 
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o. If r is the radius of this point on the blade where the jet impinges, the 
peripheral velocity, of this point is u = u , r. The velocity u is tangent 
to the wheel motion and in the direction of jet. The velocity of water 
which is responsible for doing the woik on the blades, is the velocity 
of whirl. This is the component of the absolute velocity of water in 
the direction of motion. 

From Eqn 1.1. 

Tangential force on the wheel=mass of impinging waterX 
acceleration. 


or 


Force on vanes in the direction of motion = mass of water per 
sec x change of velocity in the direction of motion=mass of water 
per sec X change of velocity of whirl 


F n 


w ■ (I 


(v x cos cq— v 2 cos a 2 ) 


...( 1 . 22 ) 


This equation is the same as that already 
as well as under Eqn 1.18. 

In this case Qj=*a , 

„ w[a . ) , . 


...(1.23) 

...(1.24) 


The factor (v u ^ — v u J is the algebraic difference of the velocities of 

whirl at inlet and outlet, and can be obtained from velocity triangles (See 
Fig 1.17). If the water is discharged in the direction of the motion of 
blade, v u ^ will be positive (See Fig 1.11), which means that the change of 

velocity of whirl will be equal to — z^). However in order to get 

more force the discharge angle a 2 should be obtuse which makes the 
direction of discharging water opposite to the blade motion. This makes 
v Ue> negative. Then the change of velocity of whirl will be equal to the 

arithmetic sum of ti Mi and v u . 

Work done on blade per sec=Torce on the blades in the direction 
of motion X distance moved by the blades per sec. 

w . 0 , \ 

=—^(v Ul -v Us ).u ...( 1 . 25 ) 


Horse power developed by the whee^^LJ-t (i^—» #g ) , JL ...(1,26) 

(When units are in FPS system ; Qis in cusecs, velocities in ft/sec* 
g = 32’2 ft/sec 2 and ^ = 62*4 lb/ft 3 ) 

or Metric PIP developed by the wheel— ( 0 ^— v u ^) , JL ...(1,26a) 

(Where Q, is in m 3 /sec, velocities in m/sec, £=9*81 m/sec 2 and 
^ = 1000 kg/m 3 ) 

( y w I ““ & M 2 ) • U 

Work done on the blades per lb (or kg) of waters ---- ...(1.27) 
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Energy supplied to the blades per lb (or kg) of water 

— Kinetic eneigy of jet at entrance per lb (or kg) of water 


or 


2? 

Output 

Efficiency of turbine runner 7j= 

Work done on blades per lb (or k g) of water 
r * Energy supplied to the blades per lb (or kg) of water 

(^ttj ^«<>) * u 


_ 9 _ 

2 0 

2 u (v Ui -v Uz ) 


...(1.23) 

• •■(1*29) 


Problem 1.9 A jet of water 2 inches in diameter impinges on 
a curved vane and is deflected through an angle of 175°. The vane 
moves in the same direction as that of the jet with a velocity of 110 ft 
per sec. The rate of flow is 6 cusecs. Determine the component of 
force on the vane in the direction of motion. How much would be the 
Horse Power developed by the vane and what would be the water 
efficiency ? Neglect friction. 

Solve the problem if instead of one vane> there is a series of vanes 
fixed to a wheel. 


Solution 


cl=2 in. 



#=110 ft/sec Qj= 6 cfs 


~ic ~ / 2 V 5=275 ft / sec - 

T X (l2/ 


Assume « x =0 and p x =0 ; p 2 =180°-175° (See Fig 1.186) 
Velocity of jet in the direction of motion at inlet, v\ cos a.i—v„=Vi 



Fig 1.18 Velocity Triangles ( a ) Inlet (i>) Outlet 
and velocity of jet in direction of motion at outlet=z> 2 cos a 2 
Draw velocity triangles at inlet and outlet of vane (See Fig 1.18) 
Considering the inlet velocity triangle first— 




DYNAMIC ACTION OF FLUID 


21 


1*1 +w x 

w 1 =v 1 ^u 1 —215 — \ 10 = 165 ft/sec. 

Now Wi—w i9 assuming that no loss ^occurs along the vane from 
inlet to outlet. Further the vane is moving with a velocity of 110 ft/sec. 
The radius of arc of a circle drawn from the centre of the wheel to the 
point where the jet impinges and to the point where the jet leaves the 
vane, is the same, therefore u=t o . r~u 1 =u 2 . 

From Outlet Velocity triangle (See Fig 1.18/;) 

Vi cos a 2 =^ n —u 2 ~ w o. cos 

= 110 — 165 X cos 5° 

= 110-165x0*9962 
= 110-164*5 
= —54*5 ft/sec. 

Force exerted by the jet in the direction of motion* (Fqn 1.20) 

W . a . (fll— lh) r V 

r H — - (Dj cos V* cos tt 2 ) 


62 ' 4x ["r(^)* x ( 275-11 °) 


32-2 

= 2,295 lb Answer 


(275 + 54'5) 


tjd j i j, . . Fu-u 2,295x 110 ___ . . 

HP developed by jet= -=460 HP Answer 


Water efficiency 


_HP d evelo ped X 550 

K.E. of jet (=J»» . Dj®) 


460X550 

1 62-4x6 

2 X 32'2 X27 °" 


=0 575 or 57-5% Answer 


b) A series of vanes fixed to a wheel, instead of one vane only — 
ih*« —(fl . COS a r -v 2 cos a 2 ) 

62*4 

~3§£ X 6(275+54-5) 

=3*835 lb Answer 

HP developed by jet b^lP =%1 Hp 

Water efficiency = JL^yelopcd_ _ 767 x 550_ 

ATf.ofjet 4X 62_4X6 x2?5 . 


= 0‘959 or 95’9% Answer 

Problem 1.10 A inches diameter water jet having a velocity 
of 45 ft per sec impinges on the bucket of a wheel. The axis of the jet 
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coincides with the axis of the bucket. The bucket is a part of sphere 
and has a radius of 7 in., the depth being 31 in. Determine the force 
exerted by the jet on the bucket when 

<?) the bucket is fixed, 

h) the bucket is moving in the same direction as the jet with a 
velocity with which the work done per second by the jet on the bucket 
would be maximum, 

£■) there is a series of buckets in place of only one, and moving 
with a velocity such that the efficiency is maximum. 

Find the horse power in each case and also give the value of the 
maximum efficiency. 

Solution 

d=21 in. t>i = 45 ft/sec 

radius of bucket=7 in. depth=3J in. 

area of jet = X 4^T44 == °' 024 ' sq ft 



C Of D '/ ‘ r 


d-a . y 1 =0 , 034x45=r53 cu ft/see 
From Fig 1.19 

OC=OD=radius of bucket —7 in. 
BE— 3*5 in. 

■;*' - OB— 3*5 in. 

ji . , b- _ 

and BD=V 7 a —3*5 S 

= V 49^ 1225 =* V 3675 

= 6*06 in. 


Fig 1.19 Bucket made from a Sphere 

ODE 

. , OB . , ! 
^sm ' 1 —sin ” 1 - 


angle of jet with the axis at outlet— 


= sin" J 0’5 


P 2 =B0° 

a) Change of velocity in direction of jet 
COS 30°) =£/!+£/! COS 30° 

Mass of water moving per sec=» 


Force on fixed bucket* 


w . CL 


■(»x+»i cos 30°) 


69-4 y 1 *S3 

« 32 2 *^«(H°-868).2M lb 

Horse Power is zero, because the bucket is fixed and no work is 
done. Hence efficiency is also zero. 

b) The bucket is moving with a velocity of u in the same direction 
as that of jet. Drawing the velocity diagrams (See Fig 1.18), 
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f Ki =b=£; 1 =45 ft/sec 

and -W}. .(assuming no loss on the bucket) 

w» ~ Wi — u 

= 45 — u 

From outlet velocity diagram (See Fig 1.18), 
v u — w 2 cos 30° 

= (45— n) . cos 30° 

= u~ (45 — u) X 0*866 
= 1-866 — 39 

Force exerted on the bucket, 

| aivi — u) |(o Ui -z), i2 ) 


or F x 


W . a 
0 


fai-w) (® Bl — »u a ) 


Work done per sec, 



(»i~«) (v u 


-»« 2 ) • « 


or 


ir=»— UL 


(45 — u) (45 + 39— 1 866 u) . u 


= [45 x 84— {(45 X 1866) 4- 04 J a f l.*866 .’< 2 ] . u 

d 

„ . . dW A 

For maximum efficiency, ^ =0 

- . -/-(45 X 84 a -168 a 8 +1 866 a 3 ) =0 
<7 du 

or 45 X 84— 2 X 168 u— 3 X 1*866 w 2 = 0 
2 2x 168 , 45x84 

0r “ 3x1-866 3x1-866" ~° 

or w a —60 w-f 675=0 


60+ +60 3 -4x 675 _ 60+ V 900 

2 2 


^eo^o^ 
“ 2 


or 15 ft/sec 


If zt=45 ft/sec, work done=0 5 i.e. } minimum, and for maximum 
work done, z/ = 15 ft/sec. 

Now (oi-«) (o Ml —»« s ) 

cn_ ,r>j v 2 

~32-2~ X ”5 x (lf) X (45—15)(45-f-39 — 1 "866 x 15) 

= —| X 0-034 X 30 x (84-28) 

=110 lb 
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Horse 


power = 


F„. u 110X15 


550 


550 


=3 HP 


Work done/sec 

Efficiency — Energy supplied J_ 

2 


llOx 15 
62-4X1-53 
32-2 


1,650 

3,000 


= 0'55 or 55% 
c) If there is a series of buckets, 

Force exerted on the buckets, F x — W ~^ 1 • (o Wl —°« a ) 


and work done per sec=- 

as all the water impinges 
Tjr 62-4x1-53 
lV ” 32-2 

62-4 x 1-53 

~ 32-2 


■ W - a - Vl (v„~v u -).« 
0 1 
with a velocity of v 1 . 

- x (45 + 39—1 886 a) .u 

- x (84—1'866 u) . u 


For maximum efficiency, 



i.e. 


or 


84-2X 1-866 u=0 


84 

2x1-866 


= 22*5 ft/sec 


(ij , 9 for maximum efficiency, u x ~\ V\) 

,\ Force exerted, F x = ~~~ X (84 —1’866 X22'5) 


A Horse power 


H53x6^-42<42___j 24-5 lb 
32 2 

F x . a 124-5x22-5 
550 “ 550 3 


Work do ne/sec _124' 5x22 '5 _ 2,805 

ciency Energy supplied - 1 62"4xl'53^ .-g 3,000 

2 X 32-2 XW 


=0-935 

Answers — 

or 935% 


Force 

l 

Horse power 

i 

Efficiency 

1 .... 

a) 250 lb 

0 HP 

i 

1 0 % 

b) 110 lb 

3-0 HP 

55 % 

c) 124-5 lb 

5-1 PIP 

93-5% 


1.11 Radial Flow Over Turbine Blade —Radial flow is one 
in which a particle of water during its flow through the vanes of rotating 
runner, remains in a plane normal to the axis of rotation, in such a 
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way that its position changes only with respect to its distance from the 
axis of rotation. In tangential flow (Art 1.8 to 1.10), the distance of 
water particle from the axis of rotation remains same i.e. ? = constant, 
therefore the action of stream of the vanes is determined by computing 
the force exerted by the moving fluid by applying Impulse Momentum 
Equation (See Eqn 1.1). However, in case of radial flow the distance r 
of the water particle from the axis of rotation varies along its path of 
flow, which has to be taken into account. Hence instead of finding 
the force by Impulse-Momentum Equation, the action of stream on the 
vanes for radial flow is determined by the evaluation of turning moment 
or torque produced on the vanes. The torque is equal to the Rate of 
Change of Angular Momentum. 

Angular Momentum—If an elementary mass of fluid dM is 
moving with velocity v in a given direction, perpendicular distance 
of which is r from a fixed centre, 

the angular momentum of weight —dM . v . r ... (1.30) 

Torque on Vane— 

Fig 1.20 shows the 
section through the 
radial flow turbine. The 
water from the pipes 
first reaches the guide 
vanes which guide the 
water to the runner 
vanes of turbine. The 
guide vanes are station¬ 
ary and the runner 
revolves about a fixed 
centre with angular 
velocity <u. The flow 

over the runner vanes Pig 1.20 Section Through a Radial Flow Turbine 
is radial. 



Let an elementary mass of 
water dM enter the rotating vane of 
the runner with velocity v 1 at radius r x 
and leave with velocity v 2 at radius r 2 
after the time dt. Fig 1.21 shows the 
velocity triangles at inlet and outlet of 
turbine vane. 

Peripheral component or com¬ 
ponent of absolute velocity Vi in the 
direction of motion % is 
v u ^v l cos oq 



Similarly peripheral component 
of v 2 is 


Fig 1.21 Velocity Triangles at Inlet 
(Pressure Side) and Outlet (Suction 
Side) of Vane 
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v Ilt> = i'2 cos a 2 


Applying Eqn 1.30, 

Angular momentum at inlet= (dM){v x cos oq) fj 
Angular momentum at outlet = (dM)(v% cos « a ) r 3 
A Change of angular momentum in time dt 
= dM0i , v ± cos a L — r 2 . v 2 cos <x 2 ) 

A Rate of change of angular momentum 

J H 

__ (r x . £»! COS «J— r 2 . Vi cos «,,) 


but 


ni. w ~- Q -d, 

9 

Rate of change of angular momentum 

w . 0 , v 

=-— (> x . Vi COS «1 — r 2 * C0S a 2j 


which is equal to the torque T produced. 

w . Cj 

i 


T = 


— (q * i\ cos cq—f 2 • ^2 cos ota) 


..,(1.31) 


If the torque given by this equation is positive, then this is the 
torque exerted by the fluid on the runner to revolve it. This is in case 
of water turbine which gives mechanical energy. If the torque is 
negative, then it will be the torque exerted on the fluid by the runner 
which is revolving by the external energy. This is a case of pump, 
compressor or fan. 


Work done/sec or Power—Torque X angular velocity 
or P=T.oi 

— (M . v x cos oq— r a . u 2 cos a a ) . u ... (1,32) 

but iq= oi q and iq—t«> r 2 ### (1,33) 

where and « 2 are the peripheral velocities of vane at inlet and 
outlet. 


Work done/sec or Power 


w . d 
9 


(«i 


cos oq— u% . v 2 cos a 2 ) 


...(1.34) 


or • f Ul -!i 3 . v u J ...(1.34a) 

The units of P are ft lb/sec or Kgmjscc. 

This is the Fundamental Equation of Fluid Machines. As mentioned 
above, this is applicable to the turbine as well as to the pump runner. 
In such a case point 1 will denote the pressure side and point 2 the suction 
side of the turbine or pump. (See Fig L21). Thus the value of Power P 
will be positive in case of turbine as it is delivering power and the value 
is negative in case of pump which is consuming power* 

The fluid may leave the vanes of turbine runner with an absolute 
velocity m a direction 
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a) against the motion of wheel, 

b) same as motion of wheel, 
or c) radially, 




M W (c) 

Fig 1,22 Outlet Velocity Tiiangles 

In case (a), > 90°, v it ^ is negative and 

substituting this value in Eqn 1.34 a, 

Work done/sec or Power®—(» t . v #i +a s , ft lb/sec or JTjfm/sec 

...( 1 - 35 ) 

In case ( b ), < 90°, is positive, 


Work done/sec or Power® w -~(ai. v H -u t , »„ 3 ) ft Ib/secor Kgmjicc 

...( 1 . 36 ) 

In case (c), « 2 =90°, 

Work done/scc or Power=-~^( Ul . j.^) ft lb/sec or Kgm/i sec 

...(1.37) 

1*11 Water enters an inward flow turbine at an angle of 
22 to the tangent to the outer rim and leaves the turbine radially, If 
the speed of the wheel is 300 rpm and the velocity of flow is constant 
at 10 ft/sec, find the necessary angles of the blades when the inner and 
outer diameters of the turbine are 12 in. and 24 in, respectively, If 
width of wheel at inlet is 6 in., calculate HP'developed. Thickness of 
blade may be neglected. 

(AMIE-May 1954) 

Solution 

^22° 

a 2 —90° (radial discharge) 
j\ r =300 rpm 
Pjiij —10 ft/sec=z; mg 

(* Velocity of flow remains constant) 
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D 1 =^2^ in. =2 ft (inward flow turbine] 
D 2 ~ 12 in. = 1 ft 
B x =6 in. 

77* 2)^ 

Peripheral velocity of wheel at inlet, « 2 == gQ— 

7r x 2 X 300 . , r , 

m 2 ==-^-=314 ft/sec 


Peripheral velocity of wheel at outlet, u 2 =-— 

t rx 1 X300 . - _ P . 

u 2 ~— —— =15'7 ft/sec 


1 

Uj 


e,y 


/ur, 





Fig 1.23 Inlet and Outlet Velocity Tiiangles 
Draw the velocity triangle at inlet with U\ } oq and v ini . It is required 
to find out the blade angle (3i from the triangle. 

^tTl ^ ^ 

tan - ssb- „ (]) 

v,t x u 1 ^v 1 cosol 1 ' ' 

But sin c/ x t 

B,n i Jio 10 

Bl== sin O', ~ sin 22® 0-3746 :=26 ' 70 ft / scc 

Substituting v x > v mi , « x and u x in Eqn (1) 

. P 10-10 
• an ^“"31-4-26-7 X cos 22‘ ,— 31 , 4—26-7x0*9272 
= 1-504 

p{=S6 a -23’ Answer 

Similarly to find the blade angle at outlet {3 a , draw the velocity 
triangle at outlet with u lt a 2 and v m 


, 0 m 2 10 

tan ^=~- = _- r==0 -637 

** P 2 =tan _1 0 637=32°—30' Answer 

Work done/sec by the turbine runner 

w . O f . 

=—p («t • %-«S • %) 


...(See Eqn 1.34a) 
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blit <7.2—90°, Vn 2 ~ 0 

/. Woik clone/sec = l ^~ («i . ...(See Eqn 1*37) 

HP of tuibine = («i ■ » M ) 

550 . g 1 

But Qs=a x * v m 

1 $ * 

and a u the area of flow=ir . B 1 
B u the width of wheel at inlefc=6 in, =0‘5 ft 
a l = , irX2 x 0*5=3*14 sq ft 
/. Qj= 3 14x 10=31*4 cu ft/sec 

J cos 

=26*70 X cos 22°=24 75 ft/sec 
62 < 4x 31*4 

Hence HP of turbine= " 550x32 *2 x 24*75x31‘4 
=86 HP Answer 


Problem 1.12 In an inward How turbine the water comes out of 
guide vanes and falls with a velocity of 120 ft/sec on the runner consisting 
of a series of curved blades, The speed of the runner is 300 ipm. The 
vanes have inlet and outlet diameters of 4 ft and 2 ft respectively. 
The angle which the guide vanes make with the peiiphery of the wheel 
is 30°. * 


The water after doing woik on the runner dischaiges with an 
absolute velocity of 10 ft/sec at an angle of 120° to the wheel tangent. 
Find the water horse power if the rate of flow is 10 cusecs. Determine 
the best angles of blades. , ‘ 


Solution 

v ± —120 ft/sec 
Dj=4 ft 
0^=30° 

^ 2=10 ft/sec 
icDi.JV 


jV*=300 rpm 
D 2 =2 ft 
a 2 = 120° 

Q= 10 cusecs 


X 4 X 300 
60 


—62*8 ft/sec 


v u cos aj«120Xcos 30°= 120X 0*866^104 ft/sec 

* *"ai 

v„,^~v 1 sin « i =120xsin 30°= 120 x 0'5=60 ft/sec 


Draw inlet velocity triangle (See Fig 1,24) 


tan (180°-^) = 


/. (180-/30 =55° -16' 


60 


», (l —«x 104—62'8 


60 

~41'2 


=1*452 

or p 1 =124°—44' 


i 


Answer 
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v Ut} = v 2 cos oca*® 10 X cos 120 — 5 ft/sec 

z Wo =» a sin «*= 10 X 0 366=8*66 ft/sec 

Draw outlet velocity triangle (l'ig 1.21) 

B «s 8'66_ 

tan 314+5 


= =0-238 

36*4 

p 2 =l3°—24' Answer 

Work done by water per sec—- —^ ( tl i • v u x ~ u i • z '« 2 ) 

...(See Eqn 1.34a) 


Hydraulic or Water Horse Power(«i • *S““ 2 • %) 


62 4 X 10 
= 32'2x550 


X | (62-4X 104)—(31-4X —5) 


62‘4x 10X6,647 ^ 234 HP 
~~ 32‘2x'550 


Answer 


1.12 Jet Propulsion — 



Fig 1,25 Piinciple of Jet Propulsion 


Principle—An orifice of cross- 
sectional area a is fixed to tank full of 
water (Fig 1,25). The jet issues out 
from the orifice with a large velocity v. 
Let the quantity of water coming out 
of orifice per sec he Q,. Applying 
impulse-momentum equation (See Eqn 
1.1), the force exerted upon the fluid 
to change its velocity from 0 to v is 

... ( i.38) 

9 g 

where v=K v . -\/2gh 
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K v ~ co-efficient of velocity 
/i=liead over the centre line of orifice. 

According to Newton*s Law of Action and Reaction, an equal 
force F is exeited upon the tank in a direction opposite to v s shown by 
the arrow in b ig 1.25. If the tank is provided with wheels^ it will start 
moving towards the left with a velocity u (say). 

Propulsion of Ships— The principle explained above may be 
applied to drive the ship through the water. The ship carries pumps 
which take water from that surrounding the vessel and discharge by 
forcing through the orifice at the back of the ship. 

Let u=velocity of ship 

v —velocity of issuing jet 

w^velocity of water issuing from the jet relative to the 
motion of ship 


Then 


{Y u and v act in opposite directions) 


Head of water supplied by the pumps or energy supplied per lb 


of water= 


Momentum of let per sec — w ^ , v 

g 

Momentum of water enteiing the ship per sec = 0 
(Y it is at test). 

Rate of change of momentum — w - ^ . v 


...(1.39) 


This is equal to the Dynamic Force responsible for propelling the 

Work done on the ship by the jet per sec^^-^ v * u ,,,(L40) 
but Wi = u+v or o=:Wi~u 

A Work done on the ship by the jet per sec—^ (w x ~u) . u 

...(1,40a) 

Energy supplied per sec=w . £x (energy supplied per lb of water) 
=w . Q_ 

2 g 

Efficiency of system y, = Work don £- c !B l h g shi P r M l he fo P er sec _ 

Energy supplied per sec 


’ (Wi — u) . u 


2(w 1 —u) . u 


w . Q, . 
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For maximum efficiency — = 0 

-ir 

or Wi~~ 2^ = 0 


Substituting the value of u in Eqn 1.41, 


9 f ^ 


...(1'42) 


...(1.43) 


In some cases the water enters the ship through a pipe having an 
open end at the front of ship. As the water is at rest and the ship moves 
with a velocity m, the water will enter the pipe with velocity u relative 
to the motion of the ship. 

( iv ^ \ 

instead of w . Q, ~ as in the previous case. Thus now the energy 
supplied is less than in the previous case. 

Now the work done on the ship by the jet per sec 


(Wj— u) u 


... (See Eqn L4Ch) 


i.e, same as in the previous case. 

2^8- , 

Efficiency ,- ! -,-- ■!_ 

’ ^ v,2o 2a J 


2 u 

’(wj+h) 


...(1.44) 


The principle of jet propulsion is similar to that of rocket, therefore 
the jet propulsion of ships can be known as water rocket. In practice 
screw propulsion is employed to move the ships and jet propulsion is 
no longer used, except in the case of life boats to a limited extent only. 

UNSOLVED PROBLEMS 

1.1 Define Dynamic Force ? How is it distinguished from hydrostatic 

pressure ? ‘ 

1.2 Derive Impulse-Momentum Equation. 

1.3 Differentiate between tangential and radial flow. 

1.4 What is the difference between the force of jet when it impinges 

on a single moving flat plate and the force of jet when it strikes 
on a series of moving plates ? J 3 
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1.5 How is the force on the bend of a pipe-line running full of. water, 
determined ? What precautions are taken if this force is very 
large ? 

1.6 Explain the flow over the double hemispherical vane of Felton 
turbine. 

1.7 Flow is the absolute path of jet falling on a moving vane, deter¬ 
mined ? 

1.8 How are the velocity diagrams for the flow over the moving vanes 
drawn ? 

J.9 What are ‘Velocity of Whirl 5 and‘Velocity of Flow 5 and why are 
they so named ? 

1.10 Show that when a jet of water impinges on a series of curved vanes, 
maximum efficiency is obtained when the vane is semi-circular 
in section and the velocity of the vane is half that of the jet. 

{Adysore University — 1957 ) 

1.11 Define angular momentum and explain how is it used to determine 
the torque and work done by a vane in case of radial flow. 

1.12 What is Fundamental Equation of Fluid Machines? How is it 
applied to both turbines and pumps ? 

1.13 How is the Fundamental Equation of Fluid Machines affected 
if angle a 2 is actute, obtuse or complimentary ? 

1.14 What is jet propulsion ? How do the ships move with this 
principle ? 

1.15 A jet of water 2 inches in diameter exerts a force of 600 lb on a 
fiat plate held normal to the jet’s path, what is the rate of discharge? 

(2*6 cfs) 

1.16 A jet of water 2 inches in diameter is moving at 50 ft per 
second. It strikes a flat plate which is inclined at 30° to the 
jet. Find the force on the plate in the direction of jet, when 

a) the plate is stationary, 

b) the plate is moving at 10 ft per second in the direction of jet. 

(53 lb ; 33*9 lb) (Roorkee University—1959) 

1.17 A jet of water 2 inches in diameter strikes a curved vane at rest 
with a velocity of 90 ft/sec and is deflected through 135° from its 
original direction. Neglecting friction, compute the resultant 
force on the blade in magnitude and direction. 

(630 lb ; 22*5°) ( AICTE-1958 Suppl) 

1.18 A free jet whose sectional area is 20 sq cm and whose velocity is 

25 metres/sec, impinges tangentially on a smooth vane which 
diverts its direction through 120°, What is the magnitude and 
direction of the resultant force on the vane ? (216*5 Kg) 

1.19 A rectangular plate weighing 12 lb is suspended vertically by a 
hinge on the top horizontal edge. The centre of gravity of the 
plate is 4 in. from the hinge. A horizontal jet of water of 1 in. 
diameter whose axis is 6 in. below the hinge impinges normally 
on the plate with a velocity of 18‘5 ft per sec. Find the horizontal 
force applied at the centre of gravity to maintain the plate in its 
vertical position. 
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Find the change of velocity of the jet 
deflected through an angle of 30° and the same 
continues to act at the centre of gravity of the plate. 

(5*45 lb ; 9 4 ft/sec) (.Annamalai 


if the plate is 
horizontal force 

Univen ity — 1958) 


1 20 A water jet issues from a nozzle 2 in, diameter, strikes a plate with a 
velocity of 100 ft/sec. The plate makes an angle of 60° to the hori¬ 
zontal. If frictional loss is such as to reduce the velocity of the 
stream leaving the body to 80 ft/sec, find 


a) component of force in the direction of jet, 

b) component of force normal to jet, 

c) magnitude and direction of resultant of force exerted by 

water. 

[ a) 254 lb, b) 293 lb, t) 388 lb at 49°—8' with direction of jet.] 

1.21 A horizontal pipe of 4 in. diameter conveys water at a pressure of 
40 lb/sq in. with a velocity of 6 ft/sec. If the diameter of pipe 
decreases to 2 in., find the axial force on this length of pipe. Assume 
no loss of energy. 


If a bend is connected to the horizontal pipe which turns 
thtough 30° and tapers uniformly from 4 in. to 2 in., find the forces 
exerted on the end other than due to gravity. 

(370 lb in the direction of flow, #<,,=388*6 lb, — 69 ‘29 lb) 


1.22 A 60° reducing bend having an inlet diametei 12 in, and outlet 
diameter 6 in., carries 12 cusecs of water. The pressure of water 
at inlet is 40 lb/sq in. Find the components of force necessary to 
hold the bend in position. Neglect friction. 

(7^=3,933 lb, #j/= 1,635 lb) 

1.23 Water flows through a 100° bend in a 6 ft diameter pipe which 

carries a discharge of 300 cusecs. The ends of the bend are anchored 
by tie rods at right angles to the bend. Find the tension on. each 
tie rod. (60601b) (Poona University — J958) 

1.24 A pipe of 60 cm diameter is deflected through 90°. The ends of 

the pipe are anchored by the rods at right angles to the pipe at the 
ends of the bend. If the pipe is delivering T5 ??i 3 /sec, find the 
tension in each tie rod. (795 Kg) 


1.25 A 90° reducing bend rising upward carries 12*6 cfs of oil, sp gr 0'85, 
at a pressure of 20’5 lb/sq in. entering the bend at one end. The 
diameter of bend through which the oil enters is 16 in. and it is 
reduced to 12 in. on the other end. The volume between two ends 
is 3*75 cu ft. Neglecting friction, find the force on the bend. 

(5,180 lb, —76*1°) 

1.26 A jet of water issues from a nozzle 04875 in, diameter and impinges 

axially on an approximately hemispherical cup which is observed 
to turn it through a total angle of 160°. Quantity of water coming 
out of nozzle is 24 lb in 42 seconds and the force exerted on the 
vane is T2 lb. Determine the ratio of the velocity of water as it 
leaves the vane to the velocity of approach. (0*4427) 

1.27 A jet of water 2 in, diameter having a velocity of 60 ft/sec, glides 
without shock into a series of smooth curved vanes moving in a 
direction parallel to the jet and away from it with a velocity of 
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26 ft/sec, The water is turned round through an angle of 150° as it 
passes over the vane. Find the pressure exerted on the vanes in the 
direction of rotation, and HP developed. 

If for any reason the blade is held stationary, what will be the 
pressure on it ? (161 lb, 7*62 HP, 284 lb) (- Bombay University—1948) 

1.28 A series of curved vanes (entrance angle 30° and exit angle 15°) 
deflects a jet of water T5 sq in. in area, moving at 160 ft/sec and 
inclined at 15° to the line of motion of the vane. Find— 

a) the velocity of the vane to avoid shock at entry, 

b) the magnitude and direction of the resultant force on the vane 

and the force in the direction of motion, 

c) the magnitude and direction of velocity at exit. 

a) 82 5 ft/sec ; b) 493 lb at 7‘5" and 490 lb in the direction of 
motion c ) 2T5 ft/sec at 82*5°. ( Bombay University-1951) 

1.29 A jet oF water having a velocity of 110 ft/sec impinges on a series 
of vanes moving with a velocity of 60 ft/sec. The jet makes an 
angle of 30° to the direction of motion of vanes when entering and 
leaves at an angle of 120°. Draw the triangles of velocities at 
inlet and outlet and find 

a) angles of vane tips so that water enters and leaves without 

shock, 

b) the work done per lb of water entering the turbine, 

c) efficiency of the turbine. (132° — 42'; 7*5°; 186 4 ft Ib/sec; 93*3%) 

(AMIE—Nov 1956 and Madras University) 

1.30 In an inward flow turbine, the peripheral velocity of the wheel is 70 
ft/sec. The velocity of the whirl at-inlet is 55 ft/sec, and radial 
velocity of flow is 7 fc/sec. If the flow is 24 cfs and hydraulic 
efficiency 80%, find the head available and the horse-power of the 
turbine. Assume radial discharge. 

(149*5 ft ; 326 HP) ( Roorkee University -1959) 

1.31 An inward flow reaction turbine develops 260 HP at an overall 

efficiency of 78% under a head of 230 ft. The peripheral speed of 
vanes at inlet is 80 ft/sec. Width of wheel at inlet is §th the 
corresponding diameter. Velocity of flow remains constant at 
15 ft/sec. Outlet diameter of vanes is f inlet diameter. If inlet 
angle of runner vane is 90° to the tangent, determine the guide 
blade discharge angle and runner vane blade outlet angle. Velocity 
of whirl at exit is zero. (10°-36', H°) (Delhi University —1956) 

1.32 Guide vanes of a Francis turbine make an angle of 15° with tangent 

to the wheel, the peripheral speed of which is 40 ft/sec. The 
absolute velocity of water at inlet is 45 ft/sec. Determine the 
proper values of vane angles at inlet and outlet, the inner dia of the 
wheel being half the outer. The Mater leaves the wheel in outer 
direction and velocity of flow is constant throughout. 

(73*3°; 30*15°) {AMIE-April 1948) 

1.33 An inward flow turbine works under a total head of 120 ft. The 
velocity of the wheel periphery at inlet is 60 ft/sec. The outlet 

, , pipe of the turbine is 1 ft in dia, and the ' turbine is supplied- with 

8 cuseCs. The radiah velocity of flow through the wheel. »is the 

' ' ' : i i 
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same as velocity in the outlet pipe. Neglecting friction, 
determine— 

a) vane angle at inlet, 

b ) guide blade angle and 

c) HP of the turbine. (7M C 9-1°; 107 HP) {AMIE—May 1953) 

1.34 A motorffioat with jet propulsion draws 10 cfs through orifices 

amid ships and discharges it astern through orifices having an 
effective area of 0*5 sq ft. If the boat travels at 10 mph, find the 
propelling force. (103 1b) [AMI Aleck E) 

1.35 A locomotive going at 40 mph scoops up water from a trough. The 

tank is 8 ft above the mouth of the scoop, and the delivery pipe has 
an area of 50 sq in. If half the available head is wasted at 
entrance, find the velocity at which the water is delivered into 
the tank, and the number of tons lifted from a trench 500 yards 
long. What, under these conditions, is the increased resistance ; 
and what is the minimum speed of train at which the tank 1 can be 
filled ? (34‘8‘ft/sec ; 8*7 tons, 21*8 mph) (London University) 

r \ • . • . ‘ . I , 

1.36 In a jet propelled boat, the 4 resistanc$ to, .the motion is 400 kg. 
The boat is provided with two jets each having,an area 0*02 

^ sq metres. The water is drawn through orifices amid ship. If the boat 
-^travels at a speed of 6 metres/sec, determine the quantity of water 
\o be pumped per second and the efficiency of jet propulsion in 
this case. (0*534 cu metres 1 ; 49*5%) 
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WHIRLING FLUID 


2.1 Definitions—Voitex, Forced Yoilex and Free Vortex 2.2 Mathematical Analysis 
of Foiccd Vortex—Cylindrical Vortex—Open Vessel and Closed Vessel 2.3 Principle of 
a Centrifugal Pump 2,4 Spiral Vortex 2.5 Flow along Curved Path 2,6 Free Vortex— 
Circulatory Flow 2.7 Radial Flow 2.8 Spiral Flow. 

2.1 Definitions 

Vortex—A 1 mass 11 of fluid in rotation is called a vortex. Vortices 
are of two types viz, forced and free. 

Forced Vortex—When a fluid is made to rotate by some external 
agency, it is known as a Forced Vortex. The external agency is generally 
the mechanical power with which either the fluid is stirred or the vessel 
containing the fluid is set in motion. 

Examples : 

a) Rotation of liquid inside the impeller of A centrifugal pump, 
and b) Rotation of liquid inside the runner of a turbine. 

, Free .Vortex is one which requires no external impressed contact 
forces to cause rotation. Energy is not expended by any outside source,-> 
Here, the rotational motion is usually due to fluid pressure itself and 
gravity. ' , ' J 

Examples : 

a) Flow of water in the spiral casing of a turbine before it enters 
the guide vanes, 

and b) Flow of water in a centrifugal pump casing after it has left the 
impeller. 

2.2 Mathematical Analysis of Forced Vortex— 

Cylindrical Vortex— Liquid is rotated 
in a cylindrical container by supplying energy 
from an external source. Let there be a 
vertical section through the axis of such a 
vessel (See Fig 2.1), 

Let the section of liquid surface be any 
curve f ftf) and let P be any point on it 
given by (x, y) measured from an origin at 
the lowest point on the curve. It follows from 
symmetry that the latter point lies on the 
axis. 

Consider'the forces on a particle at P’ 

i) Weight w acting vertically down¬ 
wards, 
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iil Centrifugal force to 2 . x acting horizontally, 
and Hi) Fluid pressure P acting always normal to the surface. 

Let the tangent at P make an 0 with x-axis. 

For equilibrium, equating components of Forces, in the direction of 
tangent at P 

w 

— . 6j 2 . * cos 6=w . sin Q 

Gl 2 . X 

or tan 0=- 

ff 

From elementary knowledge of calculus, tan 0, the slope of the 

dy 

tangent to curve y=f (,?) at point (a*, _y) is — 

, dy w 2 . x 

dx ~ (j 

T . CO 2 . X* 

Integrating, y= - 


.y 

G ) 2 


...( 2 . 1 ) 


This evidently is the equation to a parabola of the second order, 
touching the origin and symmetrical about j-axis. 

The surface of liquid in a forced vortex is, therefore, the surface 
generated by the revolution of a parabola i.e. the Paraboloid, of Revolution. 

In engineering practice the mathematical symbols * and y are 
often replaced by r and z respectively, then 

*> 2<7 

* z (where head of particle) 

Gi a . r 2 u 2 

° r * - 2g~ ~2g -.(2.1a) 

(where w—oi. r=circumferential velocity of particle) 

Uzo is the height of zero point measured from some datum line it 
Will become a more general relation, 5 

oj 2 . r 2 u 2 

Z - W + * 0= 2^ + *° 


Difference of head between two points 1 and 2, 


, 2 ~- Y -~ 


•■•(2.1 b) 


as the^CVn/r^^a/^Mi.^ eVe ^° PeC ^ ^ the centri ^’S a ^ action and is known 


A more general relation is 


Or* 2 

25rW-^"-2r L 


...( 2 . 2 ) 
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a) Open Vessel—Liquid is 
free to form a paraboloid. Let Zi be 
the depression oflevel at centre due 
to formation of forced vortex (See 
Fig 2.2). 

Since the total volume remains 
the same, 

Volume of liquid in vessel 
before rotation —volume of liquid 
in vessel after rotation, 

Vo + iz r . Zi=V 0 +\ k r 2 . z 

(Where V 0 ~ initial volume up- 
to centre of de¬ 
pression) 

. _ _ Zy — 

2 ~~ 2 



Since r 2 ——- . Z=~y .2 . Z, 
&>- or 

2 2 
i . or , 

■ k . or 


4 f/ 

(whetc k is a constant for the vessel) 


.,.(2.3) 


Thus the depression of vortex below the original level of still water 
is proportional to squaie of angular velocity of rotation, Zi oc o 2 . 

Problem 2.1 An open cylindrical vessel 12 inches in internal 
diameter and 3 ft long, stands veiLicalb. It is filled with water uplo 
a height of 2 ft bom the Lolioin, Find (be speed of lotation about its 
vertical axis, when the water is just going to spill out of vessel. 


Solution 

d— 12 in. /—3 ft 

2=1 ft 

y , 3 

t/2 2 r 2 l GA J 

Centrifugal head, £=^ = - 7 -—=-- (See Eqn 2,1a) 


At the point of spilling, the volume of empty space in the vessel 
before rotation=volume of the paraboloid, 

i.e. % r 2 . z em piv=i « r ! . z 
• • ZenWv~£ Z 

or Z=2Zempiv — 2X 1=2 ft 


But 



2%xN\ 
60 7 


X0'5 2 


Substituting for z, 

„ /2tcxA\ s 0'25 


64-4 
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v . / 2x 3,6 00x6 4-4 

or .v — /y 2 x 2 X tc x tc X 0'25 

= \/ 47,000 

=216‘8 rpm Answer 

Problem 2.2 A cylinder 6 in. in dia and 15 in. high containing 
water is rotated about its vertical axis at a speed of 320 rpm, so that 
a portion of water spills out. 

a) If the cylinder is now brought to rest, what would be the depth 
of water in it. [AMIE—Nov 1953) 

h) If now the speed is increased to 600 rpm, how much- water will 
be left in the vessel. 

Solution 

rf— 6 in.=0‘5 ft 15 in. = P25 ft 

jV— 320 rpm, r=^=0*25 ft 

at i * r i 2 tc N 2tcX320 0 t 

Angular velocity ot vessel, tt)=—gQ—= ^ =33 5 rachans/sec 

Peripheral velocity of vessel, u=<s> . r— 33*5 X 0*25=^8*375 ft/sec 

, . . a* (8 4 375) 2 

.. Centrifugal head generated by rotation, £=—==' 5474 , ~ 

= 1-09 ft 

Volume of water which spills out, will be the volume of the para¬ 
boloid of revolution. 

Volume of paraboloid of revolution = r 2 . z 

X re X (0'25) 3 X 1'09 = 0-107 cu ft 
\ T olume of vessel when full with water 

= . h=~- x (0 5) 2 x 1-25=0-245 cu ft 


Remaining water=0‘245 - 0’ 107=~0’138 cu ft 
a) Depth of w f ater after the vessel has come to rest 
Volume 0'138 


4 


TC 


■*=0-702 ft 


X0-25 


—8'42 inches Answer 

b) Centrifugal head generated when the speed is 600 rpm, 

r jy y 
60 V 


v 


2 9 


(2n;x 0-25X600 ) 2 

3,600x64-4 


= 3-83 ft 
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The shape of the free surface will be as 
shown, in Fig 2.3. 

The volume of water spilling out will 
now be equal to the hatched volume in Fig 2.3. 
This can be determined as follows : — 

Let x be the radius of parabola at the 
bottom, of vessel, then 

Applying Eqn 2.1 and replacing y by h 


y '2 gh 
co 


V 64*4x2 *58 


= 0*205 ft 


60 


Volume of water spilled 

= (Total volume of paraboloid) —(volume 
of paraboloid under the bottom of 
vessel) 



Fig 2.3 Paraboloid of Revolu¬ 
tion with a Speed of 600 rpm 


Xttx (0*25) 2 X 3*83} — x7r x (0*205) a x2’58} 
= 0*376--0*17 = 0*206 cu ft 


Remaining water=^-~ X0‘5 2 x 1*25 ^ — 0*206 

= 0*245 — 0*206 — 0*039 cu ft Answer 


b) Closed Vessel—Let the fluid 
touch the lid when the angular velocity is 
oj, (See Fig 2.4). If the speed is increased 
even further say to o', 

(F) 2 = — z 
K } (o ') 3 ’ z 

and . z 

o 2 

Since the volume of liquid remains 
the same, the volume of air enclosed also 
remains the same. 

I • ir • >' 2 . Z—\ . v . (r') i (z) 

r* . z—r' 3 . z’= r 2 L rU') ■ W) F*g 2 4 Forced Vorlcx in Closed 
(to ) s v ' Vessel 

Hence, {z’f~ . (w') 2 ...(2.4) 

=?>z a . (w') a 

or . co' (where m is a constant) ,..(2.4 a) 

Pressure on the lid is equal to the head to which liquid would have 
risen in the absence of the lid. 



Problem 2.3 A closed cylindrical vessel 10 in. (or 25*4 cm) in 
internal diameter is completely filled with water and is rotated about 
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its vertical 
between its 
having 


axis at 1 3 450 rpm. 
circumference and 


Determine the difference of pressure 
the centre in ft (or metres) of water 
specific**weight" of 62'4 lb per cu ft (or 1,000 lcg/m 8 ). If the 
vessel now contains air of specific weight = 0'075 lb/cu ft (or 1 2 kg/?rz), 
what would be the pressure difference in ft (or meties) of fluid. Give 
the values in lb/sq in. (oi kg/cm*) in both the cases. 


Solution 

rf=10 in. (or 25'4 cm) 
K= 1,450 rpm 


r—j] ft (or O' 127m) 

2ir N __ 2ttx ^450_ _ radians/sec 

60 60 


Difference of pressure or centrifugal head 

p _» 2 6) 2 . _(152 ft 

— W U1 ,„ ~2g _ 2g ~ 64'4 


f (152 X O' 127) 2 “I 
_ or 19 G ' m _ 


=62 ft (oi 18'9 id) of water Answei 


Difference of pressuie if the fluid is air 

_p _ t?_ _ to 2 . ? 2 (152x rjV ft 

— w a{r ~2cj~ 2g ~ 64'4 1 

= 62 ft (or 1 8 9 m) of air Answer 


(152 xO‘127) 2 1 

19'6 M J 


Hence the difference of pressure is same if it is expressed in ft (or 
metres) of fluid handled. 

Difference of pressure in lb/sq in. (or kg/cm 2 ), if the vessel contains 

water 

( p \ 62x62*4,, o f 18’9xl0 3 , , 2 \ 

= • Wuater ~ 144 lb An* (or I™') 

= 26*8 lb/sq in. (or 1*89 kg/cm 2 ) Answer 


Difference of pressure in lb/sq in. (or kg/cm 2 ), if the vessel contains air 
^ nn .. 0075 ti B / 18-9X 1*2 


-(• 


W a 


\ rn 0'075 .... 

-J ■ kw= 62 x — 


or 


= 0 0323 lb/sq in. (or 0 00227 kg/cm 2 


100 2 

Answer 


kg/cm a ^ 


Problem 2.4 A closed cylindrical vessel 6 in. in internal diameter 
and 3 ft long, stands vertically. It is filled with water up to a height of 
2 ft from the bottom, and is rotated about its vertical axis. Find the 
revolving speed of the vessel when : — 


i) the top of the cup formed by water just touches the top lid of 
the vessel, 

and it) the bottom of the cup formed by water just touches the bottom 
lid of the vessel. 


Solution 

d=6 in. f=3 ft *, = 3-2=1 ft 

t) When top of cup just touches the lid (See Fig 2.5) : 

Volume of hollow cup=Volume of empty space in the cylinder 
before rotation. 
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i.e , J . 7r . ; 3 . . / 2 . ^ 

or JX7rx(0*25) 2 xc=7r^(0 , 25) 2 X^ 
*=2*,=2x 1=^2 ft 

Centrifugal head developed by rotation, 
/ 2 ir_jy;y v 
? 3 V 60 J ' 


Z=‘ 


Z = 


2 TT JV x2 
GO" 


2 g 

(0 25)1 
: 64'4 


JV 


V 2X3,600x54-4 
2x2X7rX'jrx(0’25) 2 

= V iTbbTooo 

= 434 rpm Answer 



Fig 2.5 Top of Cup 
Touching the Lid 
of Closed Vessel 


ii) When the bottom of cup touches the bottom of vessel (See Fig 2.6) ; 
volume of the paraboloid —volume of the empty space before rotation, 


to co' 


i.e. I . 7T . (>') 2 * (/) = tt . r 2 . Zi 

In this case the speed of the vessel is increased 


rr 




Substituting the value of F in the above equation, 

2 g 


i . v 




Z \ Z =7r . r . Zi 


or 


V 60 


B • (g? 

r 8 . z. 


2 = g ■ W) 

V 


£ 




Fig 2.6 Bottom of 
Cup Touching 
the Bottom of 
Closed Vessel 




9 • U') 8 / 

r_ 60 V 


s, 2tr ) 

32-2 X3 2 

3600 

X ~A _ 9 


= V 4,22,000 
= 650 rpm Answer 

The results obtained from the above mathematical exam rdf* * 
very interesting The^ speed in the first case is two-third the speed n 

the second case when the vessel is originally two-third full Ll, 
Similarly, it can be shown that if the vessel fs originally three WtlTfu’ 
the speed in the first case would be half Seed in the ful1 ’ 

Also if the vessel is half full, the speed in both cases would be the sa^ne^' 
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Forming an equation : 


jV" 

Since y 


60 
27 T i 

nso" 

27T/ 




Fig 2.7 Vanation ofCentnfugal 
Head av ith Change of Container 
Speed 


z Z_ _ _ 

V 2z . V 4v~i 2 2^^ 



i~j • z —Zi * 

Putting, -g ~ = ~[qo 

which is percent full of water 
and the ratio of speeds 

, x i 1 

then m =l-- 2y , 


Tabulating and drawing in Fig 2.7 


X 

50 

! 66-7 1 

75 

83‘3 

i 

91-7 

100 

y 

i 

i 1*5 

1 

2 

3 

! 6 

1 

CO 



Fig 2.8 Pi inciple of a Centiifugal Pump 


system in principle is a Centrifugal 


2.3 Principle of a Cen¬ 
trifugal Pump —If the liquid is 
rotated with a sufficiently high 
velocity so as to enable it to rise 
beyond the walls of the container 
and if more liquid is constantly 
supplied at the centre by some 
suitable means, the tendency of 
the liquid would be to flow out 
as illustrated in Fig 2.8 Such a 


If on the other hand, liquid flowed into the tank over the rim from 
an outside source at a higher elevation and were drawn out at the centre, 
the flow being inward, the system will constitute a Francis Water Turbine 
in principle. 


2.4 Spiral Vortex— In runners of turbines and pumps the flow of 
fluid is usually a combination of 

0 Girculatory flow flow in concentric circles and ii) Radial 
flow flow involving a change of distance from the axis of rotation. 
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Fig 2.9 Impcllei of a Gentiifugal Pump 


The path resulting from the 
superimposition of these two motions 
is of the form of spiral. 

The impeller of a centrifugal 
pump consists of two plates called 
shrouds between which are fixed a 
number of vanes (See Fig 2.9). Water 
enters through an opening provided 
at the centre and leaves at the peri¬ 
phery. Vanes are made of spiral 



shape to enable watei to have both Fig 2.10 Line Diagram of Impellci 
circulatory and radial flows inside the Blades 

impeller. As the radius increases from inlet to outlet, the area across 
flow must also increase (See Fig 2.10) and consequently the relative 
velocity decreases so that 
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and pressure difference due to the centrifugal head 

= ~ {r^—r ! 2 ) ...(See Eqn 2.16) 

This pressure difference is due to cylindrical vortex only. 

Hence, the total pressure difference due to two flows i.e. cylindrical 
and spiral vortices will be 

h~P\ . tvi s -wf 

~w d ~ = 2g^ 2g 


«■ 


2 g 


W l w 2 

“ 2 g~ 


(where ^ d = specific weight of fluid) 

...(2.5) 


Problem 2,5 A centrifugal pump impeller has an inner diameter 
of 20 in. Its outer diameter is twice the inner diameter. Find the 
speed of the impeller in rpm at which the lifting will commence against a 
head of 50 ft. 


Solution 


Ri the inner radius of impeller = 10 in. = f ft 
i? 2 j the outer radius of impeller=20 in. = 5 ft 


Centrifugal head, — (R 2 2 — Ri 2 ) 


or 


or 


50* 


2tt jy 
60 


- 


64-4 


■r-d) 1 ! 




50 x 64'4 X 36 x 60 x 60 


4 x it X ttx 75 


= V 1,41,000 
=376 rpm Answer 

Problem 2.6 Find the head developed by the impeller in Problem 
2'5, if the relative velocities of water at inlet and outlet are 25 ft w 
and 18 ft/sec respectively. 1 


Solution 


7?i=10in. 7?2 = 20 in. 

Head developed by centrifugal action=50 ft 

Wi=25 ft/sec zfa = 18 ft/sec 


Head developed by impeller = 


_ U2 i —U 1 2 


-Wo 


2 9 + '2g ' 

=50 + ^181 

64-4 

= 50+4-67 

= 54*67 ft Answer 
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2.5 Flow along Curved Path—Con¬ 
sider an annular ring of fluid of breadth b and 
thickness dr moving with an angular velocity 
<ja (See Fig 2.11)* 

Forces, acting on a small element of the 
ring, which subtends an angle dQ at the centre 
of revolution, can be easily found out. 

They are t) Centrifugal force acting 
radially outwards, 

ii) Resultant force due to 
difference of liquid pressure 
on either side acting radial¬ 
ly inwards, 



Path 


and Hi) Weight of the fluid, acting vertically downwards 

w 

Mass of this element =— . r . dO . dr . b 

9 


Centrifugal force = ^— . r , d8 . dr . b^j 


and Resultant force due to liquid pressure 

= dp{r . dO . b) 

(neglecting small quantities of second order) 

For considering the equilibrium of forces in a horizontal plane, 
the vertical force w> weight of liquid, need not be taken into account 
and then 

— r . dO . dr . b , w 2 . r—dp , r , dQ , b 
9 


or 


dp= 


w . dr 


If u be the tangential velocity corresponding to co 
w . dr u 2 
9 ’ ~ 


«= cor 


and dp- 


...( 2 * 6 ) 


This is the Equation of Flow in a curved path and it can be seen 
from here that dp — 0 when r— oo, which means that for rectilinear flow, 
pressure remains constant in directions transverse to the direction of 
motion. 


2.6 Free Vortex—As already stated in Art 2.1, the free vortex 
is the mass of liquid in rotation, caused without applying any external 
force, A common example for such a flow is emptying a wash-basin 
which is a shallow vessel having a hole in the bottom through which 
the liquid discharges out. The motion of fluid in the basin becomes 
rotary and thus a free vortex is formed. 

In free vortex the total head H in Bernoulli’s Equation is constant 
for all stream lines, because no energy is imparted to the liquid in 
rotation. 


Circulatory Flow—Consider a mass m of fluid moving in a circular 
path with a tangential velocity v u at a distance r from the centie. 
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hydraulic machine* 


Foice of rotating mass=mass X acceleiation 



and Toique =moment of resultant force 

, v u r 
= ill . — . r 

In fiee vortex, the torque remains same as thcie is no addition of 
enci CT v from external foice. It follows fiom the Law of CWeuation of 


Energy— 

Vu L 

m . -j- .7 —constant 


but 

111 iv . 0 

— ^ = constant 

t g 



v u . r—constant 

...(2 7) 

or 

^2 

II 

...(2.7a) 

or 

C 

»« = - 

.. (2.8) 

or 

1 

v u cc — 
r 

... (2.8a) 

Hence the tangential velocity v u is inversely 

propoitional to 


distance r. 


If this value of velocity is substituted in the general equation for 
curvilinear flow (See Eqn 2.6), then 

r * (2.9) 


w . dr 

g 


dp *■ 

Integrating, 

1 __L V ) 

XV 2 (J \ rj 2 r 2 2 / 


w , dr 

g 


jh 

w 



( 2 . 10 ) 


This equation may be used for calculating differences of pressure 
between any two points in a free vortex. This difference of pressure 
results from circulatory motions. Any calculation of actual pressure 
difference must also take into account the changes in static head, 
hydrostatic pressure and radial Telocity. The pressuie difference due 
to radial velocity is explained in the next aiticle. 


2.7 Radial Flow —Radial flow can be produced by constraining 
a stream of fluid to flow between two parallel circular plates the openings 
being at the centre and the periphery. 
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If b be the distance between two plates 
(See Fig 2.12) and v m the radial velocity at a point 
distant R fiom the centre, 

area across flow—27r , R , b 



Fig 2.12 Radial How 


If the quantity Rowing per sec be q> 

<7=(2tt . R . b) . v m ...(2.11) 

where < 7 = constant 

R . b . constant 

In radial flow distance b is constant, then 

R . v m —conssant ...(2.12) 

or v m c c -j£ ...(2.12 a) 

It is interesting to note that pressure variation caused due to change 
of radial velocity is inversely proportional to R just as in circulatory 
motion. 

2.8 Spiral Flow—Similar to that of forced vortex, the spiral 

flow in the case of free vortex will be the supei-imposition of radial 

flow over circulatory flow. For such a flow the distance between two 
plates b (See Fig 2.12 and 2.14) will vary, thus 

R . b , v m =constant 


or 


v m = 


constant 

~r7T~ 


...(2.13) 


This shows that the pressure variation caused due to the change in 
velocity will not be the same as in the previous case. 

One way to find out the actual pressure difference is to calculate 
separately for each kind of How by applying Eqn 2.8a and 2A2a, This 
is employed when the factors influencing the two flows are different. 

Direct computation of pressure difference from 
the change in absolute velocity v is also possible, when 
the total head for either type of flow is the same. 

Since both v u and v m have been shown to vary 
inversely as R , other factors remaining the same, 
angle a must remain constant (See Fig 2.13). Then 

the resultant path is an equiangular or logarithmic Fl & VeI°cUy Di- 
. • 7 1 ° a angle ioi Spual Flow 



Angle a is determined as tan a=— ...(2.14) 

u 

If a structurally essential obstacle to the flow of a stream of fluid is 
so designed that the natural path of a fluid is such a spiral, resistance to 
its motion would be least. A practical example of such a motion is in 
the volute of a centrifugal pump. 

Problem 2.7 The impeller of a centrifugal pump is surrounded by 
a casing which is made up of two parts—vortex chamber and volute. 
The outer diameter of the impeller is 20 inches and its width at outlet is 
2 inches. The outer diameter of the vortex chamber is 28 inches. The 
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impeller discharges water into the vortex chamber with a velocity of 
50 ft sec at an angle of 20° with the tangent of rotation.. The width of 
volute is 4 inches when the diameter is 34 inches. Determine, 

a) the magnitude and the direction of velocity of water when it 

leaves the vortex chamber and enters the volute, 

b) the rise in pressure in the vortex chamber, 

c) the magnitude and direction of the velocity of water at a point 

17 inches from the centre, 

and d) the rise in pressure from the outlet of the vortex chamber to a 
point in the volute 17 inches from the centre. 


Solution 


Let point 2 denote the position of impeller outlet as well as the 
vortex chamber inlet, point 3 denote the position of vortex chamber 
outlet as well as the volute inlet, and point 4 denote the position of 
volute outlet. (See Fig 2.14). 

D 2 =20 in. D 3 = 28 in. £)* = 34 in. 

&a =2 in. b$— 2 in. 4 in. 

=5 0 ft/sec 


a) The water is constrained to flow between two parallel plates in 
vortex chamber between points 2 and 3. It is a case of free vortex, 
Applying Eqn 2,8 a for circulatory flow. 





and applying Eqn 2.12a for radial flow, 

1 

v m o c — 
r 

/. a ■= const ant (See Fig 2.13), thus v cc — 

r 

vi . i? a -y 3 . R 3 


Fig 2,14 Section through 
Centrifugal Pump Impeller 
with Vortex Chamber and 
Volute Casing 


Vo . j Ro 50 x 10 

or — 2 «-— 

14 

and a 3 =a 2 =20° 

b) Rise in pressure in 
between points (2) and (3) 


-=357 ft/sec 
the vortex chamber 


w 


v^ 2 —v^ 

“2T" 


50 s — (35*7) 2 
64-4 


= 19 ft 


c) Direction of motion changes as the water flows through the 
volute between points (3) and (4), thus angle oc does not remain constant. 

Because it is free vortex, v u oc — 


...(See Eqn 2.8a) 
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Vu a ’ r 3 . cos a 3 . Rj 

~-j?T“ == ~ Ri 


35-7 X cos 20 0 _*_14 

17 


=27'G fi/scc 


Since 0 remains constant, 

2tC * 7? 3 ■ b 3 « - ^4 * ^4 ■ 

. b 3 > *m 3 ^ ^ . l >3 . sin « 3 

/ei bi = £ } . bi 

14x2x 35 7xsin 20° 


.(See Eqn 2.11) 


= 5'02 ft/sec 

y 4= V t'u^ + Vm^ 

= \/(27'6)* +15 02)®— 28 ft/sec 


17x4 
2 


..(See Fig 2.13) 


tan a,j= - 


5j02 

27’6 


-0182 


a^tan- 1 (0i82) = 10°-19 / 

Rise in pressure fiom point (3) to point (4) 


JhuPz 

w 


V 


2g 


(35‘7) 2 “28 2 

64*4 

Answers 


-163 ft 


a) Magnitude of velocity of water when it leaves the vortex 

chamber and enters the volute, at point (3) 

=35‘7 ft/sec 

Direction of velocity of water at point (3) 

= 20° with the tangent of rotation 

b) Rise in pressure in vortex chamber between points (2) and (3) 

=19 ft 

c ) Magnitude of velocity of water at point (4) 

=28 ft/sec 

Direction of velocity of water at point (4) 

= 10°—19' with the tangent of rotation 


cl) Rise in pressure between points (3) and (4) 

= 7 63 ft 


UNSOLVED PROBLEMS 

2'1 Distinguish between Free Vortex and Forced Vortex. 

Cite Examples. {AMIE — Nov. 1953) 

2'2 What is centrifugal head ? Derive an equation of the same. 
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2 3 Prove that in an open cylinder the depression of vortex below the 
original level of still water, is proportional to the square of angular 
velocity of rotation. 

2.4 Explain with the help of a sketch the working principle of a 
centrifugal pump, 

2.5 What is spiral vortex ? Give an example to illustrate such a flow. 

2.d Derive an ‘Equation of Flow’ in a curved path, and prove that for 

rectilinear llow the pressure remains constant transverse to the 
direction of motion. 

2 7 Liquid in a deep vessel is stirred. Prove that it forms two types of 
curves, the forced vortex in the centre and the free vortex on the 
outside. 

2.(1 Piove that in free vortex s the tangential velocity as well as the 
radial velocity is inversely proportional to the distance from the 
centre. 


2.9 Explain the nature of flow in a vortex chamber and volute of a 
centrifugal pump. 

2.10 A glass tube 2 in. in diameter, open at the top, containing a liquid, 

rotates about its axis, which is vertical, at 700 rpm. What is the 
depression of the lowest point of the surface below the surface of 
liquid when at rest ? (3'48 in.) (London Univeisity) 



PAODUE 


rig 2.15 


2.11 The closed cylindrical container shown in 
Fig 2.15 is filled with oil having a specific 
gravity of 0 85. By means of paddles, the 
oil is rotated so that each particle has an 
angular velocity of 100 rpm above OT. To 
what height above O will the oil rise in the 
open tube ? (3*82 ft) 


2.12 An open cylindrical tank 4 ft in diameter and 6 ft deen is filled 

with water and rotated about its axis at 60 rpm How much 
liquid is spilled and how deep in the water at the axis ? h 

At what speed should the tank be rotated in order that ihe 
centre of the bottom of the tank has zero depth of water ? ^ 

(15-3 ft 8 ; 3-55 ft; 9‘83 rad/sec or ^=93-7 rpm) 

2.13 A closed cylinder, 2 ft in diameter and 4 ft high is mounted on a 
vertical rotating shaft. The cylinder is filled wiT water unto 

(108,216 rpm) ( Gujrat University—1958) 

2.14 A closed cylindrical vessel with 0'4 metre diam P w ,•=. , „ , , 

iB “* »“■ *■ Th. ssfara rs/s 
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liquid upto a height of l*5m, Find the maximum speed in rpm at 
which the vessel can be rotated so that the bottom ol the vessel is 
wholly covered with a thin layer of the liquid. (422 8 rpm) 

2.15 A closed cylinder 12 in. diameter and O'1 in* deep is completely 
filled with water. It is rotated about its axis which is vertical, 
at 240 revolutions per minute. Calculate the total pressure of 
water on each end. (60‘9 and 61'308 lb) (Roorkee University — 1955) 

2.16 A centrifugal pump has an inner radius of 10 in. and outer radius 

of 20 in. It is not fitted with vortex chamber or guide vanes. 
Determine the speed in rpm at which the lifting will commence 
against a head of 25 ft. (265*3 rpm) ( AMIE—May 1953) 

2.17 Calculate the least inner and outer diameters of the impeller of the 
centrifugal pump to just start delivering water to a height of 100 ft. 
The inside diameter of impeller is half that of the outside diameter 
and a manometric efficiency is 0*8. Pump runs at 1 3 000 rpm. 

(lft; 2 ft) 

2.18 The external and internal diameters of a centrifugal pump impeller 
are 12 in. and 6£ in. respectively. It discharges 2 cusecs of wafer 
when running at 1,200 rpm. The net areas at inlet and at outlet 
are 0’39 sq ft and 0 25 sq ft respectively. The angle of discharge 
/3 2 =18° and angle of entrance aj=90 o . Determine the head 
generated in the water passing through the impeller. 

If the discharge is reduced to T5 cusecs and speed is 
maintained, determine the head created by the impeller. 

(74-5 ft and 87 ft) 

2.19 In a free cylindrical vortex of water the tangential velocity at a 
radius of 4 in. from the axis of rotation is found to be 24 ft/sec 
and the intensity of pressure is 40 lb per sq in. Find the intensity 
of pressure at a radius of 8 inches from the axis. 

(43 Ib/sq in.) {AMIE—May 1958) 

2.20 A pump impeller is 15 in. diameter, and it discharges water with 
component velocities of 7 and 42 ft/sec in the radial and tangential 
directions respectively. The impeller is surrounded by a concentric 
cylindrical chamber with parallel sides, the outer diameter being 

18 in. If the flow in this chamber is in a free spiral vortex, find 

the component velocities of the water on leaving, and increase in 
pressure if there is no loss. (5‘833 ft/sec, 35 ft/sec, 8 602 ft) 

2.21 Water enters a centrifugal pump impeller with the resultant or 
absolute velocity in an axial direction. The impeller rotates at 
1,500 rpm and has an outer diameter of 18 in. The relative velocity 
at exit is radial. The pump efficiency is 85% and the capacity is 
3 cfs. Neglet losses in the pump shaft bearings. What is the 
pump head and the useful power input to the fluid ? 

(215 ft, 86*2 HP) 

2.22 A pump impeller discharges water at a speed of 25 m/sec the 

angle of discharge being lO 3 with the tangent to the periphery. 
The diameter of the impeller is 0‘6 m and width at periphery 10 cm.' 
The impeller is surrounded by a chamber with outer diameter of 
0*75 m and width at outer side equal to 12 cm. If the flow in the 
chamber is free spiral, find the radial and tangential velocities of 
water when it leaves the chamber, and also find pressure increase 
due to flow in the chamber. (2*89 m/sec, 16*4 m/sec, 17*7 m) 



CHAPTER 3 


DIMENSIONAL ANALYSIS, SIMILAR FLOWS & UNIT 
QUANTITIES 

S.I TnlincUirtion 3-li Dimensional Analysis 3.3 Fundamental and Derived 
Quantities 3.4 Siinilai Flows 3.3 Reynolds' Number 3.G Fioude'b Number. 3*7 Euler’s 
and Xrwton s Xumbeis 3.8 Marks Number 3.9 Webers Number 3.K) lluckinghamS 
Tlieoicm 3 11 PiacLical Applications to Specifir Cases of Flows (Pipes, Channels, 
\ i*i op lanes. Ail Ships, Snew Pi opelleis. Ships, Tin bines and Pumps) 3.12 Unit and 
Spreiiii Quantities 3.13 Unit Quantities (Unit Rate of Flow, Unit. Speed, Unit Puwn, 
t;,nL roue and Unit Toiqutp 3,14 Specific Quantities (Specific Rate of Flow oi 
Spuilic Fl<n\. Specific Po\\t*t, Specific Foice of Jet on Periphety of Runner, Specific 
r l tuque and Specific Speed of Turbines and Pumps). 


3.1 Introduction —In modern hydraulic engineering, such complex 
flow phenomena have to be dealt with that often a purely theoretical 
investigation fails to yield a practical and complex solution. It is then 
necessary to rely on experimental results. Principles of dimensional 
analysis and dynamic similarity have been extremely useful in the use 
and interpretation of experimental data. 

Experiments cannot obviously be carried out on full-size dams, 
rivers, channels or hydraulic machines such as turbines and large pumps, 
because it is very costly. For the sake of economy and convenience it 
is essential that small-scale models be made for test purposes. Certain 
laws of similarity must be observed in order to ensure that the model 
test-data can be applied to the piototype. In order to apply these 
laws of similarity, it is the modern trend to express experimental results 
in terms of non-dimensional factors. Dimensional analysis and dynamic 
similarity are helpful in finding such non-dimensional factors. 

In modern practice the experiments may be performed on the 
models with a fluid convenient to work with. The results of such 
experiments are applied to a fluid with which the prototype has to work. 
For example the blading of hydraulic and steam turbines are tested 
in a wind tunnel where the fluid used for experiments is air. The results 
are then converted to work the machines with water or steam as the 
case may be. This is possible by applying certain laws of similarity 
with the help of dimensional analysis. 

3.2 Dimensional Analysis is a branch of mathematics which 
deals with the dimensions of quantities. Each physical phenomenon 
can be expressed by an equation giving relationship between different 
quantities, Such quantities are dimensional and non-dimensional (abso¬ 
lute numerals). In general any variable present in physical phenomenon 
will be ^ a dimensional quantity. Dimensional analysis helps us in 
determining a convenient arrangement of variables in a physical relation¬ 
ship. This is accomplished by forming a number of non-dimensional 
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groups out of a given number of dimensional quantities, so that variables 
can be reduced and thus they can be conveniently represented on suitable 
co-ordinates. Thus dimensional analysis, on the whole, facilitates 
planning of scientific and reliable experiments. 

3.3 Fundamental and Derived Quantities —All physical 
quantities can be expressed in terms of fundamental quantities which are 
only three in number i e.> mass, length and time ; generally denoted by 
the symbols AI S L ancl T. All other quantities such as area, volume, 
velocity, acceleration, force, energy etc. are termed as derived quantilies } 
because they can be expressed in terms of the above fundamental 
quantities. 

Some engineers prefer to use force instead of mass as fundamental 
quantity, because the former is easy to measure. The system will then 
be represented by symbols FLT instead of MLT , Some of the derived 
quantities aie given in Table 3.1 below in terms of fundamental units 
of both systems. However for the solutions of further problems 
MLT —system has been used in this book. 


Table 3,1 Derived Quantities 



| 

I Dimensions 




No. 

Quantity 

FPS 

Metric 

B 

>> 

MLT 

System 

FLT 

System 



System 

System 

CO 



1 

Area 

ft a 

m 2 

A 

LP 

IP 

2 

Volume 

fi* 

m 3 

V 


LP 

3 

Velocity 

ft/sec 

mj sec 

V 

ir-i 

ir-i 

4 

Angular velocity 

rad/sec 

i ad/see 

M 

r- 1 

T- 1 

5 

Acceleration* 

] fi/sec 2 

ml sec 2 

J,v 

ir-* 

LT- 2 

6 

Mass 

lb sec“/ft 

ky sec 2 jin 

M 

M 

FT 2 L~ 1 

7 

Force 

lb 

kg 

F 

MLT~ 2 

F 

8 

Weight 

lb 

kg 

W or 
G 
p 

MLT ~ 2 

F 

9 ! 

Pressure 

lb/ft 2 or 
lb/in. 2 

kgjm 2 or 
kg/cm 1 

ml- 1 r- 2 

FL ~ 2 


10 

Impulse or 

lb-sec 





momentum 

kg- sec 

I 

MLT- 1 

FT 

11 

Discharge 

ft 3 /sec 

?w 3 /sec 

a 

LPT~ i 

DT- 1 

12 

Work or energy 

ft lb 

kg m 

E 

ML 2 T~ 2 

FL 

13 

Torque 

ft lb 

kg rn 

T 

ML*T~* 

FL 

14 

Power 

ft lb/sec 

kg mj sec 

p 

ML*T-* 

FLT- 1 

15 

Specific weight 

lb/ft 3 

kgjm 8 

w 

ML “ 2 T" 2 

FL - 8 

16 

Density 

lb sec 2 /ft 1 

kg sec 2 /?? 2 4 

? 

ML-' 1 

FT 2 L~ i 

17 

Absolute viscosity 

lb sec/ft 2 

kg sec/m 3 

M 

ml- 1 r- 1 

FTL - 2 

18 

Kinematic 


19 

viscosity 

ft s /sec 

m 2 / sec 

V 

LPT- 1 

LPT -1 

Shearing stress 

lb/ft 2 ' 

kgjm 2 

T 

MLT 1 T- 2 

FIT 2 

20 

Surface tension 

Ib/ft 

kgjm 

a 

MT~ 2 

FL -> 

21 

Modulus of 




elasticity 

lb/ft 2 

kgjm 2 

E 

ml ~i r~ 2 

FL- 2 


S latltadett" N* t0 S1 ' aVHy £qUaIS 32,1740 ft (01 ' 980 ' 665 cm > P«- sec P« «c 
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3.4 Similar Flows— In Older that the i esults of model-tests can 
he successfully applied to the prototype hydraulic project or machine, 
it is essential that the two flows should be mechanically similar. 
Mechanical similarity implies two kinds of similarity iiz , geometric and 
dynamical. 

Geometric similarity, as the name indicates, implies that the 
geometry of the two systems should be identical i*e , every geometric 
dimension of the model should bear the same ratio to the corresponding 
dimension of the prototype. This is necessary but not a sufficient 
condition of similarity of flow. 

The other condition is dynamical similarity. In order that the 
stream line patterns of the two systems may be identical it is essential 
that the direction of velocity at any point in one system must be the 
same as the direction of velocity at the corresponding point in the other 
system. Direction of velocity is solely dependent upon the ratio of forces 
acting on a fluid particle at that point Therefore dynamical similarity 
can be realised if the ratios of forces acting on fluid particles at corres¬ 
ponding points in the two flows are equal. 

In the problems that shall be met with at the present stage, the 
following forces predominate : 

t) Inertia Forces, 

it) Friction or Viscous Forces, 

Hi) Gravity Forces, 

izi) Pressure Forces, 

v) Elastic Forces, 

vi) Surface Tension. 

To obtain conditions of dynamical similarity, the ratio of the fiist 
force and any one of the remaining of the above forces can be considered. 
Every ratio will obviously be a non-dimensional factor. Some of the 
most important of such ratios, described as numbers, shall be discussed 
in the following articles. 

3,5 Reynolds 3 Number —Thei e is a class of flows in which only 
the inertia and viscous (friction) forces play an impoitant role. Then 
the condition for mechanical similarity is, that the ratio of inertia forces 
to viscous forces should be constant. 


Now, 

Inertia force =mass X acceleiation 


== volume Xmass density x 


velocity 

time 


volume 

time 


X mass density X velocity 


= (cross-sectional area X velocity) X 

mass density X velocity 


Symbolically, 
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But a cc L 2 ... ..(where L=linear dimension) 

F t =L 2 . v 2 . p 


Similarly viscous or frictional force = shear stress due to action of 
viscosity / cross-sectional area of flow, 


or 

Now 

and 

and Ratio 
where 


F f = i 


dv 

dy 


a cc L 2 

dv v 
dv aZ ~L 

Ff cc ft . L . v 

F„ L* . v'- . p 

F f 


v . L 


fJL . L . w V 
v==;— is the kinematic viscosity of fluid. 


...(3.1) 


This non-dimensional ratio 


o . L 
v 


is named as Reynolds * Number (R e ) 


in honour of Osborne Reynolds (1842-1912), a British Scientist. For 
the types of flow considered here dynamical similarity is realised if R e is 
constant. 


For similar flow in model and prototype, 

Re =Ra 

e a 

where m indicates model and a the actual body. 

Vm * Rm V& • R>a 
or-= ■—— 


...(3.2) 


...(3.2 a) 


Here L a may be any linear dimension, since geometric similarity is 
assumed. 

Reynolds 1 number will., thus, be a measure of relative magnitude 
of the inertia to the viscous forces occurring in the flow. The higher 
the Reynolds 5 number, the greater will be relative contribution of inertia 
effects. The smaller the Reynolds 5 number the greater will be the 
relative magnitude of viscous stresses. 

Reynolds 5 number can be a sufficient criterion for similarity of flow 
only when other forces viz elastic, pressure, gravitational and surface 
forces are not of much consequence. Conditions, therefore, are in order ; 

i) fluid should be incompressible ; 

and ii) there should be no free surface and either the flow should be 
in a closed conduit or around objects completely immersed in 
fluids. 

Such conditions are approximately realised in the following cases : 

i) Flow of incompressible fluid in closed pipe ; 
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ii) Flow of incompressible fluid in open channel so long as there is 
no surface activity such as waves 01 hydraulic jump , 

Hi) Motion of submarine completely under water ; 


it) Motion of airship ; 

and v) Flow around structures under moving fluids. 


Turbines and pumps also fall in this category. But often R e is so 
high that it ceases to be material. 



Fig 3.1 


This is shown in Fig 3.1 
in which frictional factor / 
is plotted against R e . Now 
the value of R e for turbines 
and pumps is generally more 
than 1,000,000 where the 
curve becomes nearly a 
horizontal line showing that 
/ is independent of R 0 . 
However there is a certain 
value of /which is constant 
throughout. This is the 
relative roughness of surface over 
which the flow takes place. 
Thus for turbulent region— 



Fig 3.2 Roughness on the Inner 
Suiface of Pipe 


...M 

where a } b and c are constants and 
constant a depends upon relative 
roughness, denoted by 5 

/=/(/?., 5) ...(3.4) 

where ..-(3,5) 


s= thickness of roughness of surface of flow 
d=diameter of pipe (See Fig 3.2) 


For model and prototype of turbines and pumps, 


5 m— 3a 


or 


dm d a 


.,.(3.6) 


Problem 3.1 Water flows at 70°F through a Venturimeter having 
a mean velocity of 5 ft per sec in its throat. The main and throat 
diameters of the meter are 40 in. and 20 in, respectively. Another 
Venturimeter having a dynamical similar flow was built having a throat 
diameter of 3 in., and the water has to flow at 50°F, Assume kinematic 
viscosity v at 70°F and 50°F as l’08x 10~ 5 and T41 x 1Q~ 6 respectively. 
Find the velocity in the throat of the latter. 

Solution 

0 O =5 ft/sec 

4=20 in. d m =3 in. 
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v a “ 1*08 X 10~ 5 
For dynamically similar flow 

<*(—) -(—) 

\ v J a \ V 


:F41xlO- 3 


(See Eqn 3.2) 


— 1*08 X 10~ s 

- 43 5 ft/sec 


1*41 X 10' 


Answer 


Problem 3 2 A model of an airship was tested in deep water. 
The length of the model was 10 ft and it had a speed of 25 ft per sec 
which was measured in water. Determine the spedd of the actual sized 
ship in air when its length is 350 ft. Assume the kinematic viscosity of 
air as 13 times that of water. The flows are dynamically similar. 

What would be the resistance of the actual ship in air, when its 
model gave a reading of 280 lb in water ? 

Solution 

£ w =10ft -£,,“350 ft 

p m =25 ft/sec v a =13 v )n 

For dynamically similar flow Reynolds 5 Numbers are equal : 

£J2_- £»*_ ... (See Eqn 3.2a) 

v,--v m . 4^ . -2-=25X -T-X 13 = 928 ft/sec Answer 
-L'a V m 550 

b) For the resistance of ship— 

the ratio of inertia forces to frictional forces must be same. 

F. F. 


...(See Eqn 3.1) 


Qr , « Q,a • #a _CL m • V n 

F/ a • 9a ^ F/ 4n <j n r 


9a—9m ... (being at the same place) 

Qj=a . v where v =mean velocity 

a— cross-sectional area 


and 


a=k . d? = k i * l 2 
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p . . 2 «, ( cancels out, 

a = ?£ '« * /J i * * v *“ k^O' 077 lb/ft 3 

. /‘I • /«• • i’.» 2 ( zt) m —62‘4 lb/fi 3 

_0'077 x350 s x_9^28 2 . /9 n 
y,/ u - 62-4/.10*x25 2 ' 

=58'4 lb ^iiuiwr 


3.6 Froude’s Number—There is another class of flows in which 
gravitational forces are of prime importance. It has been proved 
that 

Inertia Force, F t cc L“ . . p 

Gravitational Force, F a cc massX acceleration due to gravity 
oc volume x mass density X < 7 . 

or F„ oc L 3 . p . g. 


Non-dimensional ratio : 


F t L 2 . a 2 . P 

XT- OC 7 -o-- 

l'a L • P • 9 


cc 


Z . g 


...(3.7) 


The square root of this ratio, —=—~ is known as Fronde's Number 

VL.g 

(F r ) after William Froude (1810—79), a British Scientist who first applied 
it to the practical problems of the resistance of ship or floating body. 


Thus — - 11 

VL v 


Vi 


J a ■ 9 a 


...(3.8) 


The equality of Froude’s Numbers for two kinds of flow can ensure 
dvnamical similaiuy only if gravitational forces are of prime importance. 
This is the case when the free surface of the fluid plays a major role as in : 

i) Wave motion set up on the surface of water by a ship, 

ii) Flow in an open channel (waves considered), 

iii) Flow of jet from an orifice, 

and iv) Flow over the spillway of a dam. 

A little consideration will suggest that both conditions for dynami¬ 
cal similarity cannot be satisfied at the same time i.e . the R c and F r cannot 
be simultaneously the same for two flows, because the variation of force 
co-efficient with Reynolds 5 number represents the effect of skin friction, 
while the variation with Froude's number represents the contribution of 
wave-making resistance. 

The lowing of model of ship gives the total resistance which is 
the sum of the skin friction and the wave-making resistance. In order 
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to determine the wave-making lesistance, the computed skin friction 
must be subtracted from the total resistance. For the same Froude’s 
number, the wave-making resistance of full-size ship may be determined 
from this result. A computed skin friction for the ship is then added 
to this value to give the total ship resistance. 

Problem 3.3 In an open channel waLer is flowing with a depth 
of 2 ft (or 0'61 m). It suddenly forms a jump at a certain point and 
the depth increases from 2 ft (or 0*61 rn) to 3‘33 ft (or 1*015 m). The 
velocity of water in 2 ft (or 0*61 m) depth is 10 ft per sec (or 3*048 m/sec). 
Another channel was built in which a similar jump was formed. The 
depth of water in the new channel in which the flow is dynamically 
similar is 8 ft (or 2*44 m). Calculate the velocity of water in it. Find 
also the height of the jump in the second case. 

Solution 

Vq = 10 ft/sec (or 3*048 m/sec) 
rf a =2 Ft (or 0*61 m) 

= 8 ft (or 2*44 m) 

The frictional resistance plays a minor part in this case and tlie two 
forces acting here are due to inertia and gravity. Therefore, Froude’s 
Number for the two channels must be same as the flow is dynamically 
similar. 


i\i 


v b 


V 17 a • d a V 0b * db 
but Oa^Ob . 


... (See Eqn 3.8) 

.(V Both channels are at the same 
place) 


Via 




3 

s/db 


Vs- =,ox v ; 


ft/sec 


c 


or 3*048 x 


/ 244 


m/sec 


V P 61 

=20 ft/sec (or 61 m/sec) Answer 
Height of the jump in the second case 

= 3 33x -|-ft (or l*015x*JJ m ) 

= 13*32 ft (or 4*06 m) Answer 
3.7 Euler’s and Newton’s Numbers —In some cases pressure 
forces are predominant and then the important non-dimensional 
ratio is 

Inertia Force 
Pressure Force 

El v 

01 F t p.U 

(where p is the stress or pressure per unit area and area cc L") 


cc- 


p . 


...(3.9) 
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number 


This number is usually denoted by E u and is known as little? 9 s 


For similarity between model and prototype 

(*->„“ (*«). 


or 


Pm *_V 
Pm 


P a * 
Pa 


...(3*10) 
*> (3.10a) 


The reciprocal is sometimes called Newton's number . 


The practical application of the Euler’s number is water hammer 
in penstocks of hydro power plants. 

3 8 Mach’s Number -In dealing with compressible fluids, elastic 
forces become important. Then, for dynamical similarity the ratio 
inertia force/elastic force should be constant. 

F t cc p . L 2 . v 2 

F € cc E . L 2 (where 2?= volume modulus of elasticity) 
Dimensionless ratio : 

F t p.LKv* 

F. 00 ' E . L? 


CC 


P • 0 
E 


,2 


...(3.11) 


E 


But — = & s s , where v 3 is the velocity of sound in that fluid. For a 

formal proof of this the student should consult some elementary book on 
sound. 


Fi v 

~fp~ CC 71 
r. tV 


...(3.12) 


The accoustic velocity ratio -— equal to the square root of this 

number is commonly called the Mach’s Number (M a ) in honour of 
h. Mach, an Austrian Scientist. A critical value is M a = 1. It becomes 
very significant when 

v>v l fie. A/ a >l 

This number finds its application when an aeroplane is flying with 
a velocity more than the velocity of sound. y K 

3.9 Weber’s Number-When the forces due to surface tension 
aie the most important, the dimensionless force ratio 


cc 


Inertia Force 
Surface Tension 
p . v 1 JD 


^ x , L (^heie x surface tension per unit length) 


cc 


p . v 2 . L 
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This latio is called Weber's Number* 
and prototype 

Pm ■ _ P a * * Ai 

T m Ta 


For similarity between model 


...(3.13) 


Practical applications : 

a) Capillary tube action in general, 

b) A very thin sheet ofliquid flowing over a surface, 

c ) Flow of liquid from an open-ended tube or nozzle leading to 

the formation of a spray ofliquid drops. 

3.10 Buckingham’s Theorem*—The first and foremost 
point which should be borne in mind is that in any equation giving 
relationship between numbets of different physical quantities, each term 
in the equation must have the same dimensions. This is known as 
dmietisional homogeneity which is expressed mathematically with the help 
of BuckinghanTs Theorem. The theorem states, 

'*If n quantities (Q, ls Q_ 2 > . Q n ) which are independent of each 

other, completely determine a physical phenomenon and which involve 
m fundamental units, then the relation between one of the variables say 
Q,ji in terms of a number of other independent variables £). 1 > Q,a .etc., 

Qn=f(d»(l2 .0 ..*(3 14) 

j^On the assumption that whatever the form of the function each 
term can be expressed binomically, 

Q.n = oj* ■ .of a 3 . ofjiy ... (3.15) 

can be expressed in a similar form involving {n~ m) non-dimensional 
factors 

7ri = ^(7T 2} 7T 3 ,.7 T n „ m ) ...(3.16) 

these factors involving quantities 0,2 . etc.” 

Method Each of the quantities in Eqn 3.15 can, be expressed 
in terms of m fundamental units. As the fundamental units of each 
side of equation must balance, m equations can be obtained by equating 
the indices (exponents) of each of these units on the left side of equation 
i.e> in d n to all the indices of such units on the right of the equation. 
Thus m quantities can be eliminated, reducing the relation (Eon 3 14) to 
the form n J 

(t r 2 , tt 3 .7 r n _ m ) 

Illustration—To find non-dimensional factors for studying the 
thrust of a screw propeller completely immersed in a fluid, quantities 
those may be involved are, 

F the thrust, 

D the propeller diameter, 

paste * f0mial Pl °° f ’ " 0t glVe " here ’ SCe Ph y sical Review, Vol. 4, Oct. 19 h7 
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and- 1 -—r = <b(—)=k (some constant) ...(3,18) 

This constant in each case = -^-=^- where C is Gliezy s constant 

or Chezy’s Constant C= 
where /= frictional factor. 

Hi) Aeroplanes, Air Ships and Screw Propellers—If it is 

assumed that inertia and viscous forces are predominant, it may be 
directly inferred that for dynamical similarity, their ratio i.e. t Reynolds* 
number should be constant. 

It can also be derived ah initio from dimensional analysis. 



The quantities involved are : 

R the air-resistance, 
v the velocity, 
l some characteristic length, 
fM the viscosity of air, 
and p the mass density of air. 

Now, 

R^<f> (o.l.p.p.) ...( 1 ) 

or R—v a ,l b . p c . fj, d .,,(2) 

Dimensionally, 

MLT-*=(LT-') a . (LY . {ML~ Z )° . {Ml" 1 ...(3) 

Equating indices of M > L and T on either side, 

1 =r T d 

1 =a -f b—3c—d 
-2 


Whence, a = d, b=2—d, c=\—d 

R ^ ■ p 1 ’~ ri • ft (l [By eliminating a, b and c from 

Eqn (2)] 

or R oc («« . /• . p) 

?7 i^ = +( JL r J -h+ {R ° ] ...(3.i9) 

Dynamical similarity is realised if R e is same for two flows. 

iv) dhips—A moving ship is only partly submerged and therefore 
she has to overcome frictional and wave-making resistance. A little 
consideration will suggest that so far as surface-wave-formation is con¬ 
cerned, gravitational forces are the most important. 

for twofloSr dynamical simila rity, Froude’s Number should be same 
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The same can also be derived from dimensional analysis. The 
quantities involved are: 

R the resistance, 
l the length of ship., 
g the acceleration due to gravity, 
p the mass density of fluid, 

IU the viscosity of water, 

and v the speed of ship. 

Now R = $ (v . I . p . /x . g) 

or R oc v a . l b . p c . • 0 e "*(2) 


Dimensionally, 

MLT- 2 ={LT' 1 ) a . (L) h . {MLr *) c . (Atf£~ x T~ l ) d . (ET' 2 )' ...(3) 

Equating the indices of A/, £ and T on two sides, 

1 =z=c+d 

1 —3 c-d~\-e 

~2=-a-d~2e 


Solving, 
From first, 
From last, 
From second, 


c=l-d 

a~2-d-2e 


b= 1 — c-\-3c-{-d—6 
= \-{2~d-2e) + ?>t\-d)+d~e 

(Substituting for a and c) 


= 2— d-\-c 


Eliminating a , b and c from eqn (2) 

R cc v 2 ~ d ~ 2e . / 2 “<* +4 • - P fl > g e 


ec »• . P . p . (—J— 



-<” 0 ' 

For similar flow both i?* and F r should be same. This is 
obviously impossible. Experience shows that for wave-making resistance, 
similar flow is possible if F r for model and actual sized ship is same. 

/, Condition is— 


or 


Am _ V(i __ 

V ^/ji 1 ? i ^ 

_ 0 «i __ 

V* An ^ Ax 


.. (See Eqn 3.8) 


If the moving body is totally submerged in water to a great depth, 
the resistance to motion will be mainly due to viscous forces. This is 
the case of submarine which behaves just like an aeroplane which ha? 
been discussed under the foregoing Art 3.11 (iii). 
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For the moving ship which is always partly submeiged, the true 
dynamical similarity is obtained only if both the numbers R e and F, are 
same for the model and the actual-sized body, thus 


Vm • hn Uq, * hi 


(for same R e ) 


Using the same fluid at the same temperature, for floating the 
model and the actual-sized ship, 


V, n = V„ 

&a • la 


Vfn= V a 


...(3.21) 


b) , Vm ‘- = (for same F r ) 

L • g m U • ?« 

Testing the model and actual-sized ship at the same place, 


V Ln 

r 


...(3,22) 


From the above two Equations 3.21 and 3.22 it is seen that the 
corresponding speed v m of model is different in each case. It is not 
possible, therefore, to test the model for the determination of total 
resistance. Froude suggested the following method : 

The total resistance R is divided into two portions — 
a) the frictional resistance or drag R f 

and b) the wave-making resistance R i0 
t \ for actual-sized ship 

R=R/'j-Rw 

Let r=total resistance of the model. 


Dividing r into two portions r f and r m 
r=r f + r w 

Froude suggested the following formula for computing the frictional 
drag of the ship or its model : 

Rf*=F . A v * ...(3.23) 

where F and n —constants 

A= surface area 
&=speed of ship or model. 

The values of the constants F and n are determined by towing 
long thin boards through water. The surface area of towing boards 
being large, the frictional drag is much more than the wave making 
resistance and thus the latter can be neglected. By substituting the 
values of the constants in Eqn 3,23, the frictional resistance Rf can 
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be calculated. Similaily the frictional resistance if of model can also 
be determined from Eqn 3.23. 

Now tow the model through water at a speed given by the 
Eqn 3.22 and find the total resistance r of the model. 

The total resistance r and the frictional resistance r f of the model 
being known, the wave resistance of model will be 

r w =r—r f ...(3.24) 

For true dynamically similar conditions— 

—p 7^772—^ -( See Ec i n 3 - 2 °) 

= constant 


or 


Rw. 


9a • V a 2 . la 2 Pm 

H 10 f 10 


. L 


Pm 


(-)’• 
\*» ' 



From Eqn 3.22, 

Vm 

r* . ^ 

Pm 




,,.(3.25) 


By substituting r w from Eqn 3.24, R w is calculated. The total 
resistance R of the ship is found by adding R f fiom Eqn 3.23 and R w from 
Eqn 3.25, 

or R-Rw+Rf ...(3.26) 


v) Turbines and Pumps—' 

The various quantities involved are : 

Q the rate of flow, 

JV the speed in rpm, 

D the diameter of runner or impeller, 

/i the viscosity of fluid, 
p the mass density of fluid, 

H the total head, 

and E the eneigy per unit mass=^ . H 

Now 0.= * {N . D . ii . P . H . E) ...(1) 

or c N a * • P 0 * P (i . H c . E f ***(2) 

Balancing dimensionally, 


L 3 r~ 3 =(T'- 1 ) a . ( L ) b . (Mir 1 r~ l y . . {L ) e . (z , 2 r- 2 )' 


Equating the indices of M, L and T on either side, 

0 —c-\-d 

3=b-c-3d+t+2f 
— 1 — — a—c— 2 / 


...( 3 ) 



70 


hydraulic machines 


Whence c——d 



and b = 3~\-c-)~3d~ e-2f 

= ?,~d+3d-e-(l~a+d) ...(Substituting for c and/) 

=2 +a+d—e 

Eliminating b, c and f from Eqn (2) 


d oc jV“ . D 2+a+i ~ 


"rf.p d . H‘. E 


1 a (l 
22 


or 

Qcc D 2 . . 

/JV. D ' 
V E \ ■ 

)“• 

(- 

A- d 

p. 

■ (- 5 ) 


Q* ■— (A i 

(N. D 

£ , 

A 

. £ 2 



or 

ID 2 

E 21 

< E i * 


V 

, 

’ £> / 



& 


£> 

D . 



or 

Vg H ■ D 2 

^ ( Vp 



V 

’ d) 


.(3.27) 


Three conditions cannot be satisfied simultaneously. 

Experiments show that considerable deviations can be made from 

M 

geometrical similarity i.e t> — need not be constant within wide limits 
without influencing similarity of flow provided relative roughness is same. 


Also for turbines and pumps, Reynolds’ Number is so large that 

D . 's/FTTi 

small variations become immaterial. The term -~— is therefore 

v 

unimportant. 

0 . , , , JV . D , 

~ —'y -is then constant it the number _ is constant. 

hK Vg * H 


. D 2 


is known as Specific Flow (See Eqn 3.35). 


For dynamically similar turbines 

jV. D 

—=—^—constant 

V g.H 

rrr . N . D 

Cf \ 

or — - *= constant 

V 2g . H 

u 

or constant 

V2g . H 

(Where z;=peripheral velocity) 

or iT u =coi]stant 


...(3.28) 

...(3.28a) 
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Where K u = ^ - is known as Speed Ratio. 

It can also be shown that velocity ratios are also equal for similar 
pumps and turbines. 

For model and prototype 

Nm ■ Dm Ng > D a 

VO- H m ~VnZ ••■( 3 . 29 ) 


ao m =(ir a ) 

a 


(3.29 a) 


Problem 3.4 a) Assuming that the thrust T of a screw propeller 
is dependent upon diameter speed of advance v t fluid density p, 
revolutions per second n 9 and co-efficient of viscosity ; show, using 
the principle of dimensional homogeneity, that it can be represented by. 


T=p . d 2 


v 2 . £ j 


d . n 


p . d . v 


and hence explain the condition of dynamical similarity usually 
for propellers. 


assumed 


b) The characteristics of a propeller of 12 ft diameter and rotational 
speed 100 rpm are examined by means of a geometrically similar model 
of 18 in. diameter. When the model is rotated at 360 rpm by a torque 
of 16 lb ft the thrust developed is 52 lb and the speed of advance is 4'8 
knots. Determine the torque, thrust, speed of advance and efficiency 
of the full scale propeller. (1 knot—6,080 ft/hr) 

(.Punjab University — 1959A) 

Solution 


a) T=4> (d, v>, p, n, vj) 

By Buckingham’s Theorem— 

T oc d 2 . . p c . n d . yf 


Expressing the different 
MLT— 


quantities in 


terms of fundamental units 


Thrust T = mass X acceleration =MLT 2 


Diameter of=Length = L 

Speed of advance »=ft/sec =LT~ 1 

Fluid density p=lbsec a /ft 4 =ML“ 3 

Revolutions per sec n=rad/sec 

Co-efficient of viscosity Y]=lb ff* 2 sec —ML^T’ 1 


A MLT - 2 cc L a . . ( T - 1 )* . {ML^T^Y 

. , Equating the indices of each fundamental quantity MLT on 
either side 4 


1 =c-\-e 

1 = <3+6 — 3c—e 
— 2 = — ^ 
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or 2~b J rd- 5 r e 

Whence c— 1—* 

h — 2—d—e 
a= 1 — 

= l-(2-i-<)+3(l-«)+« 

= 1— 2 + d-\-e+3—3e+e 
=2 +d-e 

T oc ( d)* + ‘ l ~‘. {v ¥' d ~‘. (p) 1-<! . n rf . Y) s 
or fa ( d 2 . » 2 . p) . (</. » _1 . n) d . (/ d "l. s' 1 

cc (« a . »*. p) (-^-) .(p-fcr) 

Hence T = P . d 2 . *> 2 . 

1 


•/))■* 


p , J . v 


d . n 
v 


Now 


V 

d > v 


d . n 


P . d . v d , v R b 
where R<>— Reynolds 5 number. 

Propeller should be governed by Reynolds’number and factor 

However, it is impossible to satisfy both conditions at the same 


time, therefore it is usual to neglect the effect of the viscosity and make 
- ‘ ^ same for the model and the prototype. 


the factor 

t>) 


d m = 18 in.~l’5 ft 
n m =360 rpm 
{Torque) m ~\§ lb ft 
T m =5 2 lb 
ru —4-'8 knots 


4 = 12 ft 
« re = 100 rpm 


f) For the speed of advance the following condition of geometrical 
similarity will apply— 

dm * d a . ti a 

Vm V a 

„ _ da n a 

v a — ~r— , 
dm 


or 


. Vn 


12_ 100 _ 
“1 5 * 360 


X4 , 8=10 , 67 knots Answer 


or 10'67x6,080=65,000 ft/hr 

T 

- = constant 


it) For Thrust, 


p . d 2 . a* 
T m 


Pm ■ d m i 


Ta 


Pa . d a * . 
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p m =p a —media being same, 



Y 

\d m J ' 

' \ 0 m / 

12 y , 

^10'67 \ 

.rs) x ( 

, 4'8 ) 


=16,440 lb Answer 


Hi) Efficiency of model 


Output 

Input 


Thrust X speed of advance 
torque X angular speed 


52 X 


(4*3 X 6,080) 
60 


X100 % 


16x2tt X 360 
— 70% Answer 

iv) Toique developed by prototype 

Thrust X speed of advance 
angular speed X efficiency 

Taking efficiency of prototype and model to be the same, the 
former will however be slightly higher than the latter— 


Torque of prototype 


16,440x(10‘67x6,080) 
(2^ X 100) X 60x07 
=40,500 lb ft Answer 


3.12 Unit and Specific Quantities—The rate of flow, speed, 
power etc,, of hydraulic machines are all fuuctions of the working head 
which is one of the most fundamental of all quantities that go to 
determine the flow phenomena associated with machines such as turbines 
and pumps. To facilitate correlation, comparison and use of experi¬ 
mental data, these quantities are usually reduced to unit heads. Each 
is expressed as a function of head and its value corresponding to a unit 
value of head is determined. These reduced quantities are known as 
unit quantities e.g. unit flow,* unit speed, unit force, unit power and 
unit torque etc. 

For similar reasons it is also convenient to use some specific quanti¬ 
ties, A specific quantity is obtained by reducing any quantity to a 
value corresponding to unit head and some unit size. The latter dimen¬ 
sion is the inlet diameter of runner in case of reaction turbines and least 
jet diameter in Felton turbines. 

Thus specific flow is the rate of flow corresponding to unit head 
and unit diameter. Similarly specific power is the power corresponding 
to a unit head and unit diameter. 


The term ‘ specific 9 is however used in a slightly different sense in 
connection with speed. The specific speed of a turbine is defined as the 

*This should not be confused with numerically unit quantities. Thus one cuscc is 
not unit flow in this sense of the term nor is one rpm a unit speed- Following pages will 
make it clear. 
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speed of a geometrically similar turbine working under a unit head and 
developing unit power. The specific speed of a pump is the speed of a 
geometrically similar pump working against a unit head and raising 
unit quantity of water. 

The concept of specific speed is very important in the study of 
turbines and pumps. It is the modern basis of a scientific classification 
of turbines and pumps. (See Chapters 5 and 12 on Hydro-Electric Plants 
and Centrifugal Pumps). It does not follow that a given machine can 
actually operate with unit and specific quantities. 

For instance it would be more precise to say that unit flow is the 
flow in a geometrically similar machine working with unit head, and the 
same applies to other unit and specific quantities. 

The condition of similarity is essential to justify the assumption 
that the following co-efficients k X) k z .etc are all constants. 

Expressions! will now be derived for unit and specific quantities. 

3.13 Unit Quantities— 

0 Unit Rate of Flow— 

Rate of Flow=: Cross-sectional area X velocity of flow 
symbolically, Q cc v^ q 


But 


*=Kv 


. V2 g.H 


Where H is the head and Kv m some velocity co-efficient 

Qoc VH 
or (l~ki . \/7T 

Now by definition unit rate of flow £) x is the value of Q 
when H=l 


* * Q, i=^i ■ 1 =k x 

*■*>> Q,i is numerically equal to k { 
Numerically, unit rate of flow 



.,.(3.30) 


u) Unit Speed— 


Let jV rpm be the speed of the 
velocity of runner at inlet, 


turbine then linear 


or peripheral 




60 


Also 


* V2 g , H 
A* cc u t cc V£T 


and power hold ^oodTor pumps also! denved fot ’ turbines but those for flow, speed 
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or jV=/: 2 , V H 
Where ko is some co-effieient. 

Now, by definition, unit speed 

jVi-k • V T“=a - 2 

Unit speed is numerically equal to k%, 
or numerically, 


JVi-*k- 


jy 

Vh 


...(3.31) 


«i) Unit Power— 

The available horse-power of a turbine 

[orP.-^SmeuicHP 


and brake horse-power 

P t —r n . ■••(where Y), = turbine overall efficiency) 

or in general, horse-power 
P cc d. H 
But d cc \/H 

PccH. V Tf 

or P == =/cg . 

where k 3 is some co-efficient, 

Now, by definition, unit power 

iWa • (1) # -*i 

or numerically, 

^ 1 =*a—£ ...(3.32) 


iv) Unit Force— 

The force exerted by jet on Pelton runner at its periphery is 


given by 

,_»-a 


g 


F cc Q, • »u 

But 

Q.oc V£T 

and 

o u cc V H 


Fee H 

or 

T# 

•A* 

K 

ft. 


Now, by definition, unit force on periphery of runner, 
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Numerically, 


..,(3.33) 


v) Unit Torque— 

Torque or turning moment on runner^Force at Pei lpliery X Rndius, 
Symbolically, 

.R or r oc F 
But FozH 

Tec H 

or T=£ 5 * H 

Now by definition, unit torque 
7l*=ifcg . l=Ag 
/. Numerically, 

-.(3.34) 

3.14 Specific Quantities— 

ij Specific Rate of Flow or Specific Flow— 

For a reaction turbine, 

Q=z(jr , Z) 0 , BJj , 


The dimensions B 0 and D 0 generally have linear relations with D h the 
runner diameter at inlet, and, therefore, since 

Vnt^OC A/H 


Qoc IV . VFf 


or . Di 2 . VH 

Now, by definition, specific rate of flow 
dn-t G. 1 2 X\/T 
Numerically, 


Q,n“^G — 


q _ 
zV. y# 


For a Pelton turbine, 

Qr=~ U, Qocrf a a . V#" 


.,,(3,35) 


where 


least diameter of water 



VH 


jet falling 


on turbine runner 

...(3.35a) 


ii) Specific Power— 

Power, P cc £) , H 
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Since Q, cc Dj 2 . V H for a reaction turbine 
Pec D]* . H* 

or P=A 7 . Di 2 . 

Now, by definition, specific power 
P n =h • 1 2 X 1* 

Numerically, 

Pn= h =— 

A 2 . H 1 

Similarly for a Pelton Turbine, 

P - P 

r 11-jj~ 

df . H 4 

m) Specific Force of Jet on Periphery of Runner- 

or F cc (l . v u 

But Q.cc di 2 . VH and v u cc \/H 

F cc d x 2 , H or F ~ k s * d ± 2 , H 
By definition, specific force 
F n =h . I 3 XI 
or numerically, 

Fu=* 8 = 

W) Specific Torque— 

Torque=Peripheral Force X Radius of Runner 
Symbolically, T az F 
or T cc <4 2 . F/ 

or r =* 0 . di« , 

By definition, specific torque, 

r u =* 9 . i a xi 
r 


Numerically, k<>=> jj- 

Alternatively, 


T= — 
61 


and since oi the angular velocity cc \/ H 


and 


P cc DP . 


T oc 


D, 2 . 


or T oc Z>, 2 , H 


...(3.36) 

...(3.36a) 


...(3.37) 


...(3.38) 
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Specific torque T n = 


T 

. H 


r) Specific Speeds— 

a) Turbine—Unlike other specific quantities, specific speed is the 
speed of a geometrically similar turbine working under unit head and 
delivering unit brake horse-power. 

It has been shown previously that 

«1 = TC . D 1 . N 


and 


Uicc V H 


D x oc 


\/H 


Also it has been shown earlier that brake horse-power 
PtocQ.H 

where Q cc Di z . \/H 


P 1 cc 7) x 2 . 7/* ‘ 
Substituting for D {i 



TV 3 

or -5-! or 

Pt 

ti 

where ft 


m 



...(3.39) 


If P t — 1 and 77=1, then numerically jV’ J =JV 

A r s therefore, is by definition, the specific speed of the turbine. 

Problem 3.5 Each of the two Francis turbines installed at Talaiva 

9 PnnwoTo* n 7 C) ^° rks V nder a roaxiraum head of 77 ft producing 
2,800 HP at 250 rpm. Determine, 6 

a) the HP and rpm of this turbine under a head of 1 ft, 


b) the rpm of this turbine under 1 ft head and producing 1 HP, 
aild ^ th l C r™ ° f thiS tUrbinC WOrking under 1 ft head and running at 

Solution 


rpm 


H=77 ft, P f =2,800 HP, jV=250 
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«) 

or 

b) 


P.'-P,. ( "’) 5 =2,800x( f ' f ) , -4’14 

#=( 4) 4 

i 1 | 

.V'=W ■ ^y= 250 x^ )" = 28-5 rpm 

rpm 

H T 77^" 


HP ilruzm 


Answer 

Answer 


c) M s must be same — 

) a = ( 5 81_^!) 5 = 3 5 380 HP 


6) Pump— 

Specific speed of a pump is the speed of a geometrically similar 
pump delivering a unit quantity of water against a unit head* 


For pumps also, 


D ± oc 


VF/ 

JV 


and £oc D ; 2 . tf* 

Substituting for D \, 

n # A/ 2 1 

0 , 0^2 * # 


or 


or 


Woe 


V—- 

v a. 


W=JV,. -£= 

V 0, 
m.vq: 

3 3 

H* 


When £),= 1, and H— 1, then numerically, M & — M 
/- W, is, by definition, the specific speed of a pump. 


,,.(3.40) 


UNSOLVED PROBLEMS 

3.1 Define dynamical similarity. 

3.2 What is dimensional analysis ? State its uses. 

3.3 What are fundamental and derived units ? 

3.4 What are the two systems in which the derived units are expressed ? 
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3.5 What do you understand by “non-dimensional factois and their 
use in model experiments ? Derive any one, generally used in 
practice. 

3.6 What is mechanical similarity? Define “Geometrical Similarity" 
and “Dynamical Similarity. 59 

3.7 What are the laws of dynamical similarity and how would you apply 
them for the use in hydraulic machines ? 

3.8 What do you understand by geometrical, dynamical and kinematic 

similarities ? Derive from first principles, ratios for. model and 
prototype in terms of scale length for (i) velocity (if) discharge and 
(m) power. {AMIE May 1954 ) 

3.9 What is Reynolds 5 number and what is its significance in model 
studies ? 

3.10 Prove that the Reynolds 5 number of a model and that of the 
prototype are equal if the flow in the two cases is similar. Assume 
the forces acting are due to inertia and friction only. 

3.11 State a few examples where Reynolds 5 number can be a sufficient 
criterian for similarity of flow. 

3.12 Is Reynolds 5 number also used for considering similarity for turbines 
and pumps ? If so, under what limitations ? 

3.13 What is relative roughness and state how it is applied for similar 
flows ? 

3.14 What is Froude’s Model Law ? (Poona University —1958) 

3.15 Give some examples where Froude 5 s Law determines the condition 
of similar flow. 

3.16 Define the following “non-dimensional factors 55 and state where 
they are employed—Euler's number, Newton’s number, Mach’s 
number and Weber’s number. 

3.17 Describe Buckingham’s Theorem, How is it applied for the deter¬ 
mination of non-dimensional factors ? 

3.18 Define speed ratio in case of turbines and pumps. 

3.19 What are “Unit Quantity” and “Specific Quantity" ? 

3.20 What is specific speed and how does it differ in definition from the 
other specific quantities ? 

3.21 Explain a) Unit speed, b) Unit discharge and c) Unit power of a 
hydraulic turbine. Derive expression for each of them, 

(Jadavpur University — 1954) 

3 22 Explain a) Specific flow, b ) Specific power and c ) Specific torque of 
a hydraulic turbine. Derive expression for each of them, 

3.23 Deduce an expression for the specific speed of a hydraulic turbine 
and explain how it is useful in practice. 

3.24 Deduce an expression for the specific speed of a pump. How does 
it differ from that of a turbine ? 

3.25 It is required^to obtain dynamical similarity between 2 cusecs of 

water at 50>°F flowing in a 6 in. pipe and linseed oil flowing at a 
velocity of 30 ft/sec at 90°F. What size of pipe is necessary for 
the linseed oil ? 7 
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(v for water at 50°7 ? =0*0131 C.G.S. units, 
v for linseed oil at 90\F=0*051 C.G.S. units.) 

(7*94 in. or 8 in.) 

3.26 The flow about a 5 in. artillery projectile which travels at 2,000 
ft/sec through still air at 90 Q F is to be modelled in high speed 
wind tunnel with a 1:5 model. If the wind tunnel air has a 
temperature of 0 °F } what velocity is required ? 

(v for air at 0° and 90°F are 0T17 and 0T61 C.G.S. units 
respectively.) (7,270 ft/sec) 

3.27 Find the speed of a model of an aeroplane which is fully submerged 
in water at 80°F and towed. The same model was tested at 68°F 
in air and gave the velocity at 150 ft per second. The ratio 
between model and prototype is 1 : 80. 

Determine the drag of the prototype aeroplane in air if the 
resistance of the model in water is 1*2 lb. 

Given : 

v for water at 80°F=0*00872 G.G.S. units. 

v for air at68°E=0'15 C.G.S. units. 

w for air at68°F = 0'077 lb /ft 3 . 

(8-71 ft/sec ; 0’444 lb) 

3.28 A full scale Torpedo moves fully submerged in water at 80°F with 
a speed of 20 ft per second. Its model is tested in a towing tank 
full of water at a speed of 80 ft per second. 

Find the prototype model ratio. 

Find the model speed if it is tested in a wind tunnel under a 
pressure of 20 atmospheres and under a constant temperature of 
80°F. Take the absolute viscosity of air as 3*85 X 10~ 7 lb sec/ft a and 
density of air at S0°F as 0'0456 slugs/ft 3 at 20 atmospheres. The 
kinematic viscosity for water at 80°F is 0'938 X 10” 5 ft 2 /sec. 

(4 ; 70*5 ft/sec) 

3.29 A 20 ft model of a 500 ft ship was tested in a towing tank to 

ascertain the wave effect where the gravity forces are predominent. 
Calculate the speed at which the model must be towed to stimulate 
the wave effect of the ship when it is moving at a speed of 20 miles 
per hour. (5*86 ft/sec) 

3.30 Water flowing with a depth of 2 ft in an open channel having a 

rectangular section, rises suddenly at a point in the flow to form a 
jump, the depth increases to 2*66 ft. If the velocity of flow before 
entering the jump be 10 ft/sec, what should be the corresponding 
velocity in another channel where the depth is 4 ft, if the jump of 
similar proportion is to occur. (14*14 ft/sec) 

3.31 Define “Froude’s number” and show that it may be expressed in 
terms of a ratio of stresses. The wave making resistance of the 
hull of a flying boat at a speed of 60 knots on sea water is to be 
estimated from experiment in fresh water tank on a model one- 
tenth full size. Determine the best speed for the test and calculate 
the amount of drag to be measured on the model if the estimated 
full scale wave making resistance is 1,200 1b. Take 1 knot=T69 
ft/sec. Sea water weighs 64 lb/cu ft. 

(32*1 ft/sec, 1T7 lb) (London University—July 1949) 
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3.32 A boat is to be operated in sea water (w=64 Ib/ft 3 ) at a relatively 

hio-h Speed, and its performance is estimated from a scale model 
^full size operating in fresh water (w=62*4 lb/ft 3 ). Find the ratio 
of the coiresponding speed of model to the boat for geometrically 
similar free surface conditions. Also for this speed ratio, find the 
resistance of the boat due to wave formation in terms of that of 
mod eh and ratio of HP to overcome this compared with that of 
model. (0-289; 1,772 ; 6,130) 

3.33 A model of a reservoir is drained in 6 minutes by opening the 

sluice gate. How long should it take to empty the prototype if 
the scale ratio is 1 : 256 ? (96 min) [Poona University—1958) 


3.34 A model of spillway is built to a scale of 1 : 36. If the model 
velocity and discharge are 1*25 ft/sec and 2’5 cusecs respectively, 
what are the corresponding values for the prototype ? 

(7*5 ft/sec ; 19,440 cusecs) ( Punjab University—1958A) 

3.35 A geometrical model of a surface vessel is tested in a laboratory. 
The linear scale of the model is T V ^ observed that with a 
speed of 25 ft/sec the resistance of the model is 0*58 lb. The liquid 
used for the test is the same as that one on which the surface 
vessel is to sail. Calculate the corresponding speed and the 
resistance of motion of the surface vessel. Consider the effect of 
gravity only. (175 ft/sec ; 68,200 lb) ( Punjab University—1955A) 

3.36 Show by the application of dynamical similarity that the discharge 
of a fluid having density p, viscosity ft, from geometrically similar 


orifices is given by Qy=K . d 2 . \/ 2 gh . <j» 


[irir) where 


K is 


a constant determined experimentally, A is the head on the orifice 
and d is its diameter while means c ‘a function of.” 

[Punjab University — 1948A) 
3.31 Show that the drag or resistance per unit length of a long cylinder 
of diameter d moving with a velocity v in a direction perpendicular 
to its axis is given by— 


The resistance of a cylinder of 1 in. diameter when travelling in 
this way through air at 270 ft/sec is to be determined from an 
observation on a 0*25 in. diameter cylinder in a compressed air 
wind tunnel having a pressure of 18 atmospheres absolute. Find 
the required speed in the tunnel. If at this speed the measured 
resistance is 194 lb/ft of length of model, determine the resistance 
of the full-scale cylinder. Take the temperature and viscosity, the 
same in each case. (60 ft/sec, 8'73 lb/ft) 

3.38 Show that for a Vee—notch having full notch angle 5 = 90°, the 
flow for a fluid of kinematic viscosity v will be w 5 







where H= head on the notch. 


A Vee-notch is employed to measure the flow of a fluid which 
has kinematic viscosity 8 times that of water. If the measured 
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head is 10 in., calculate the head of water giving dynamical 
similarity. 

Fiom experiments on water, foimula Q== 2‘48 . H 2 47 has been 
deduced where (7 is in cfs. Calculate the flow of the fluid. 

(2'5 in., 1*62 cfs.) (Punjab University—Sept 1949) 


3.39 Prove by method of dimensions that in the rotation of similar 
discs in fluid, with turbulent motion, the factional torque T of a 
disc of diameter D rotating at a speed JV, in a fluid of viscosity 
/x and density p. 


T =£ 6 .N*. P . * ( 


_ P _ 

D * ,'JV. p 


Hence determine the torque necessaiy to rotate a thin disc of 24 in. 
diameter at 3,000 rpm m air for which /a is l*8xl0 -4 and 
p =l-2xl0- 8 C.G.S. units, if the torque necessary to lotate a 
similar disc of 9 in. dia m water at corresponding speed is 0*079 ft lb. 
For water P=T00, and /x=0*0101 C.G.S. units. 

(0’0565 ft lb) (Punjab University—1949A) 

3.40 Fluid flows through similar pipes at a rate above critical velocity. 
Show that the drop in pressuie pei unit length is 


p_ p y 
L “ d 


.*[R) 


where -~-^= pressure drop per unit length, 


rf=diameter of pipe, p=density of fluid, 

v =velocity of fluid, Reynolds’ number. 

(.Bombay University — 1957) 


3.41 Show by method of dimensional analysis that the power P developed 
by a hydraulic turbine is given by— 

P = P . ^ '# ■ ) 

where P=density of fluid, jV=iotational speed, 

Z)s=rotor diameter, H= head, 

p means ‘a function of. 5 

Hence deduce an expression for specific speed in terms of JV f H 
and P . (Punjab University — 1953A) 

3.42 The quantity of water passing through a hydraulic turbine or a 
centrifugal pump is dependent upon the following quantities— 

to = Angular velocity of the runner, 77==Head, 

D—Diameter of runner, p=Density of fluid, 

fi*™ Viscosity of fluid, g =Acceleration due to gravity. 

Develop an expression for ££and show that Reynolds 5 and Froude’s 
numbers based on peripheral velocity of the runner enter into the 
problem, 

What other dimensionless ratios are involved ? 

(.Punjab University—1958 Stippl) 

3.43 A 1 : 15 scale model of a propeller turbine 15 ft diameter is found 
to develop 3*21 HP with a flow of 10 cusecs under a head of 3*75 ft 
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while lotatimr at 500 rpm. Calculate corresponding HP, flow, 
head and speed of prototype, neglecting frictional effect. 

(56*25 ft; 129 rpm ; 8,/00 cusecs; 41,730 HP) 

3.44 Dei he an expiession for the specific speed of a hydraulic turbine. 

A turbine develops 5,000 horse-power under a head of 110 ft, 
at 100 rpm. What is its specific speed? What would be its 
noimal speed and output under a head of 81 ft ? 

(19*85 ; 85'7 rpm ; 3,160 HP) ( Gujtai University—1958) 


3,43 Show that a rational formula for resistance of geometrically similar 
bodies moving partially submerged, in a liquid under conditions in 
which the formation of surface waves is the predominant feature is— 

R=<? .L*v 2 .<}> (F) 

in which p denotes the density of the liquid, L is a linear dimension 
of the body, v is the speed of the body and F represents the Froude 
number. 

Define the term corresponding speed used in connection with 
model expeiiments on ship resistance and show that for geo¬ 
metrically similar speed boats the resistance due to wave formation 
at corresponding speeds is proportional to the cube of the linear 
dimensions, [A M I Mech E (Lond)—April 1957] 


3.46 Show, by applying the method of dimensions, that the resistance 
to the motion of a sphere having diameter D and moving with 
uniform velocity v through a fluid having density p and viscosity v) 
may be expressed by 

P N V) / 

When the velocity is very small it is found that conditions are 
such that 

Hence find the viscosity in poises (j.e, gm mass/cm sec) of a 
liquid through which a steel ball of diameter 0* 10 cm falls, with 
uniform velocity, a distance of 20 cm in 10 sec, The specific 
gravity of the liquid is 0*90 and of the steel, 7‘8, 

[AMI Mech E {Lond) — Oct 1958 ] 

3.47 a) Deduce an expression for the resistance experienced by a surface 
ship in terms of Reynolds and Froude numbers. Hence find the 
model scale necessary for dynamical similarity. 

b) In a model test oil of kinematic viscosity 46*5 X 10~ 2 stokes (or 
cm 2 /sec) is used. What should be the model scale if the prototype 
liquid has a kinematic viscosity of 372 x 10~ 2 stokes ? 

(4) ( Punjab University—1960A ; conceited to metnc units) 

3.48 A submerged object is anchored in fresh water of kinematic viscosity 
1*13 X 10~ a stokes (or cm a /sec) and density 992*5 kg/m 8 which flows 
at the rate of 2*44 m/sec. The resistance of a 1:5 model in a 
wind tunnel as measured with air at 15°C at tlie atmospheric 
pressure and kinematic viscosity 14*88 X 10" 2 stokes was 2'04 kg. 
What force acts on the prototype under dynamically similar 
conditions? 

(9*63 kg) [Punjab University-1960 S; Converted to metric units ] 
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CHAPTER 4 


WATER WHEELS & DEVELOPMENT OF WATER TURBINES 

4 1 Iiisloiy of the Development of Water Wheel and Watei Turbine 4 2 Classi¬ 
fication of Watei Wheels 4 3 Oveishot Watei Wheel 4.4 Bieast Watei Wheel 
4 5 Undcishot Watei Wheel oi Impulse Wheel 4 6 Foncelet Watei Wheel 
4.7 Advantages and Disadvantages of Watei Wheels 4 8 Jet Reaction Watei Wheels 
4 9 Outlaid Tlow Reaction Tuibine (Iomneyion Tuibine) 4 10 Inwaid Flow 
Reaction Tuibine (Fiancis ruibine) 4il Paiallel Flow oi Axial Flow Reaction 
Tuibine (Jonval Tuibine) 4 12 Axial Tlow Impulse Tuibine (Guaid Tuibine) 
4 13 Fui thei Development of Wat u Tiu bints. 

4.1 History of the Development of Water Wheel and Water 
Turbine —The idea of using water as souice of energy existed more than 
2,200 yeais ago. The hydraulic eneigy was first produced m Asia (China 
and India) in the form of mechanical energy, by passing water through a 
water wheel The old type of water wheel made mainly from wood, 
still exists in India. Such type of prime-movers were taken from the 
Asian Continent to Egypt and then from there to European countries and 
America. It is estimated that the water wheel (undershot and overshot) 
was used in Europe 600 yeais aftei its origin in India. The actual design 
of water wheel was first made by Leonardo da Vinci (1452 to 1519 AD), 
the great Italian artist, which he did with hand sketches. The theory and 
the mathematical solutions of such a wheel were drawn by scientists 
Galileo Galilei and Descartes The practical experiments for the use of 
water wheels weie canied out by Smearin and Bossut in the year 1759. 
A French artillery Major Jean Victor Poncelet (1788 to 1867) first designed 
the water wheel taking in view the theory given by Borda in 1766. This 
kind of water wheel which the Major designed was mostly manufactured 
in England in 1828. The first book describing the theory and construction 
of water wheel came out in 1846. This book was written by Redtenbacher 
of Karlsruhe (Germany). A Swiss scientist Daniel Bernoulli (1700 to 
1782) first wrote a theory for the conversion of water power into other 
forms of energy in his book Si Hydrodynamics \ Bernoulli’s Theorem was 
given practical application by Segner in Goettingen (Germany) in 1750, 
who designed a water wheel. Then Leonard Euler (1707 to 1783) from 
Basle (Switzerland) wrote the theory of hydraulic machines in 1750, 
which is used even to this day showing the fundamentals of the subject. 
Bernoulli and Euler discovered most of the mathematical work concern¬ 
ing the problems. In 1824, a French scientist named Burdin designed a 
radial water wheel with a guide mechanism which could be used in practi¬ 
cal field and was the first machine named as water turbine. Burdin could 
not make much fame of his work, and this turbine was further developed 
in designs by his student Fourneyron in 1827 which is the first water 
turbine. The Fourneyron turbines were built in 1843 in the USA. 
Further development of water turbine is given hereunder : 

a) Henschel—Jonval Turbine 1837 

[Axial Flow Turbine] (and 1850 in USA) 
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b) Girard (French Engineer) Turbine, 

and Howd and Swain (USA) Turbine 
[Inward Flow Tui bine] 

r) Janies Bichens Francis 
[Inward Flow Turbine] 

The above development has been described for the reaction turbines 
which were mostly used for driving mills etc. The problem then arose 
to produce electrical energy with the help of water turbines by coupling 
the generator. This problem involved the factor concerning specific 
speed {See Art 5.14) of turbines, which was to be raised. The highest 
specific speed of Francis Tui'bine (^ 3 = 117) was obtained by Prof Dubs 
of Zurich (Switzerland) in 1914 and the Francis Turbine for specific 
speed between 63 and 117 was named as Dubs Turbine. The Francis 
Tuibine is designed for a specific speed between 13*5 to 67*5. Prof 
Kaplan of Bruenn (Germany) worked out a new design in the year 
1916 for higher specific speed, which is now known as Kaplan Turbine 
and works for specific speed between 67*5 to 225. The above reaction 
type of turbines are for low and medium heads of water. In a low 
head Kaplan turbine there area number of bends at inlet, casing and 
draft tube, where the water has to turn, leading to head losses, In order 
to minimise these losses, Tubular Turbine has been developed. The new 
turbine uses Kaplan runner. It is becoming very popular for low head 
installations. 

Development of Impulse Turbines —The undershot water wheel 
worked entirely with impulse of water and hence it was known as 
impulse wheel. Artillery Major Poncelet improved its design in the 
middle of 19th century. The later design was given by an American 
Engineer J. Pelton in 1380 with a tangential flow, which is still used as 
Pelton Turbine. This type of turbine is also called free jet turbine. 

4.2 Classification of Water Wheels —Water wheels are classi¬ 
fied in the following three groups according to driving action : 

i) Wheels driven directly by the weight of water delivered to 

them, 

ii) Wheels driven partly by weight and partly by impulse or dyna¬ 

mic action of moving water, and 

tit) Wheels driven entirely by impulse. 

Practically the water wheel consists of a central hub and a circular 
frame with a number of buckets or vanes mounted on the periphery. 
Water is delivered to the wheel at some point on its circumference, filling 
or striking one or more buckets at a time. 

4.3 Overshot Water Wheel —Head race water is obstructed by 
a sluice gate and allowed to fall on the buckets through a small opening 
as shown in Fig 4.1. The sluice which regulates the flow of water 
according to need, is operated by hand or a governor connected to the 
water wheel with a belt. Water strikes the buckets near the crown of the 
wheel and drives it by its weight. As the buckets approach the heel, water 
is discharged into the tail race. Theoretically the diameter of the wheel 
should be equal to the height of fall. In practice, however, crown of the 
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wheel should be at a certain depth 
below the head race so that the water 
may strike the buckets with an initial 
velocity. Then the motive force is partly 
due to the impact of water on the 
buckets at the inlet. The heel of the 
wheel should also be at some height 
above the tailrace, in order to avoid 
splashing. 

Practical Data— 

Diameter of wheel D =#=10 to 70 ft 

(or 3 to 22 m) 

Depth of shroud ——^ = 1’5 to 3 ft 

(oi 0*5 to 1 m) 
Speed j\ r =4 to 8 RPM 



Number of buckets to 3 times D (in ft) (or 8 to 10 D (in m)] 

Overall efficiency r\ t —6 5 to 85% 


Peripheral velocity 


% . D . jV 
60 


~4 to 8 ft/sec (or 1*2 to 2‘5 m.s*" 1 ) 


Generally 


or to 3) ft/sec [or u+ (0*5 to 1*0) m.s *)] 

where V\ is the velocity of incoming water. 

Rate of Flow— 

Quantity of water used per second 

Qj={k v . V2g , H h + v 0 )a ...(4*1) 

where k v = velocity co-efficient, 

H h z= head race height (see Fig 4.1), 
v 0 —velocity of approach, 
and Gross-sectional area of sluice outlet, 


Water head efficiency 'y) w = - J* k ^P r t — 

where H 0 is the overhung head above the tail race. 

Horse-Power of the Wheel- 

Let b be the breadth of wheel and c the depth of shroud. 
Then capacity of each bucket— 6 . c . nearly. 


Number of buckets passing the stream per second—- 


2 % 


where co=angular velocity of wheel in radians per second. 
If a fraction X of each bucket is filled with water, then 
b . c . % . D z . (i) 


(4.2) 


d=X . 


2tt 


(X=0*2 to 0*3) 
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or 

Horse Power 

Substituting, 
Horse Power’ 


A: 


A . b . c . D • to 
2 

_2a„ 

b . c . D . co 


...(4.3) 


hi. 0..H 
” 75 ' 550 

j^or in metiic units HP = ?] . 

h i. X . b . c . D . (a . H 

=y l • 1x550 


w . Q. H 
75 




2tc • ,V 

60 

TT . w .* ■ b . c . D .Jf_. H_ 
. 33,000 ' 


Problem 4.1 An overshot water wheel was installed to develop 
power. The canal approaching the wheel is 5 ft wide and the water 
which strikes the blades with a velocity of 10 ft per sec is i ft deep. The 
water Tall is 30 ft. Find the effective horse power of the water wheel, if 
its efficiency is 75 percent. 


Solution 

Cross-sectional area of water head race=5 x0 5 = 2 5 sq ft 
Velocity of head race water=10 ft/sec 
/. Qj=a . &=2*5 X 10 = 25 cu ft/sec 

30 ft 7] t =0 75 

w.Q.H 62'4x25x 30x0*75 

Pt ~ 550 ‘ ^ 550 


= 63*7 HP Answer 



4.4 Breast Water Wheel —Breast 
wheel is a simple water wheel pro* 
vided with an apron or breast from 
the head race to the tail race 
(See Fig 4.2), Purpose of the breast 
is to keep the buckets full of water 
until they reach the tail race. Water 
flows into the wheel through special 
openings in the circular plate cover¬ 
ing a part of the wheel’s periphery. 
The regulator plate slides along the 
cover with a rack and pinion arrange¬ 
ment. Thus the required number 
of holes can be thrown open, to pass 
the water to the bucket. 


Fig 4.2 Breast Water Wheel 

Practical data— 

Head 3 to 15 ft (or 1 to 5 m) 

Diameter Z)= 12 to 25 ft (or 4 to 8 m) 
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Depth of shroud 


2 


-1 to 1-75 ft 


(or 0’3 to 0’6 m) 


Speed j\= 3 to 7 RPM 

Peiipheral velocity w=5 ~ gO ' ^ = to 8 ft / sec ( 1 5 10 2'Sm.s" 1 ) 


Efficiency 
Rate of How 
Breadth of wheel 


y],= 50 to 65% 

Q,< 70 cusecs (or < 2m 8 s -1 ) 
b <C 10 ft (or <C 3;;i) 


Power of a breast wheel— 


Rate of flow = Area across flow x velocity of flow 
Q = 7\ . b . c . u 

where fraction of each bucket full of water 

3=breadth of wheel 
c =depth of shroud 

and z/=mean velocity of buckets. 

Now if H be the net head i.e, gross head minus overhung head, 


Power 


=7 1 


w . 0 . H 
500 


PIP ^or 'o metric HP^ (4.5) 


w , \ . b . c . u . H TTn 

=7 > • ~—550- HP 


...(4.5a) 


Problem 4.2 A breast water wheel 20 ft in diameter and 6 ft 
wide working on a fall of 14 ft and having a depth of shroud 1 \ ft, has 
its buckets f full. The mean velocity of the buckets is 5 ft per sec. Find 
the horse power of the wheel, assuming the efficiency as 70 percent. 

Solution 


D=20 ft 3-6 ft 


D — d , n _ r 
—o—=T25 ft 


&!=5 ft/sec 


Bucket | full with water 

Discharge (7 = (1*25 X 6 X f) x 5 = 23*4 cu ft /sec 

H=14 ft y]*=0*7 

w.Q.H 62-4x23*4x 14 
‘ 550 ' Y1<_ 550 


X0-7 


=261 HP Answer 


4 5 Undershot Water Wheel or Impulse Wheel —The under¬ 
shot water wheel revolves entirely by the impulse of water, i.e. the wheel 
utilises the kinetic energy of the stream. The whole of the available 
head H (See Fig 4.3) is converted into velocity before the water 
impinges on the buckets of the wheel. 
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The old type used to have stiaight 
ladial blades (See Fig 1.5). 

The improved type is shown in 
Fig 4 3. 

Tangential foice on the wheel 
(Eqn 1.24), 

F U = W gQ(o Ul ~v Ui ) 

But t^siijand 

_ w . P , . 

F u =—” ( v i ~«) 

Theoretical Power P H =F U . u = — ~ f {v x .u—iP) ...(4.6) 
dP H 

Foi maximum power, -^-*=0 

or (o x —2u)=0, whence u=~ 

g l 

w . Q, fv x 2 v x * \ w . Q. » 1 2 
.. Max Power— g . T 



Tig 13 Undei ihot Water Wheel 


.(4,7) 


Vl 

Available Power=u> . Q, . — 

w . a v^_ 

(7*4 1 

/. Theoretical maximum efficiency— 77 - —r = - 7 r 50% 

w _ 2 7 

0 ‘ * 2 “ 

...(4.8) 

In practice, efficiency is only 20 to 30 per cent. 


Practical data— 

Head H<i 5 ft (or <T75 in) 
Diameter D = 2 to 4 tunes H 
Speed W=2 to 4 RPM 
Efficiency rjf=35% to 45% max. 


hCAO RACE 



4.6 Poncelet Water Wheel— 

It is an improvement on the 
straight blade type undershot water 
wheel. Water strikes the vanes of 
the wheel, piactically without 
shock and drives it by impulse 
(See Fig 4.4). Rate of flow is 
regulated by sluice shaped to suit 
the curvature of vanes. Water is 
discharged from the blades almost 
vertically downwards. 

Practical data— 


Head 7 ft max (or 2 in) 


Fig 4.4 Poncelet Walci Wheel 
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Diameter D — 2 to 4 times H, to enable the stream to have some 
velocity. 


Peiipheral velocity 
Angle 

Hydraulic efTiciency 
Inlet velocity 



15° 

93% but rjt=55% to 65% 
. V2 IglT 


Where velocity co-efficient K v varies fiom G‘9 to 0*95 


Velocity of water lelative to blade at inlet is w 1 and neglecting 
shock and frictional losses, a water particle would rise along the blade, 
a vertical height, 




w i 


2y 


Theoretical hydraulic efficiency 


VH = 


Vi __v* 
2 g 2 g 




-(4.9) 


Now *o^ is maximum for a given value of v 1 when v t is minimum. 
This is the case when v 2 is perpendicular to u and then 


and 


11=1 . V\ . cos 0 
ra = p 3 sin 6 

Vi 2 . sin 2 0 


V) H = 1- 

maw 


= COS“ 


r iH 


max 


= 1, when 0=0 


...(4.10) 


But this is a hypothetical case [not realizable in piactice without 
altering the construction of the wheel. The modified wheel then becomes 
a modern Pel ton Turbine (See Chapter 6). 


Problem 4,3 In a Poncelet Water Wheel, the direction of the 
jet impinging on the floats makes an angle of 15° with the tangent to the 
circumference and the tip of the floats makes an angle of 30° with the 
same tangent, Supposing the velocity of the jet to be 20 ft/sec, find 

a) the proper velocity of the edge of wheel, 

b) the height to which the water will rise on the float above the 

point of admission, and 

c) the velocity and direction of motion of water leaving the float. 

Solution 


«!= 15° 
^=20 ft/sec 


^ 1 =30 ( 
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v u ^ - cos a x = 20X 0*9656 = 19'3 ft/sec 
r m i — r/j . sin « x =20x 0*2588 = 5*176 ft/sec 
and v ltli ==wi . sin p x 

5*176=1^ . sin 30° 

5176 mo-ri 

oi i/’i—== 10 3o ft/sec 

rf) Velocity of the edge of wheel—/i 1 =t/a=u 

The inlet velocity tiiangle shown in Fig 4.4 is an isosceles triangle* 
there Foie u x =wi 

= 10*35 ft/sec Answer 

b) «.,= v 2 qH 01 ft/sec Answe, 

2 g 64*4 ' 

c) From outlet velocity triangle {See Fig 4.4) 

ZAF 1 =?t’ 2 = 10*35 ft/sec. /3 2 =30° 

«’a cos 30°= 10*35 X 0*866 = 8*95 ft/sec 

v u ft ^ u sr-w 2 . cos 30°= 10*35—8 95 = 1*4 ft/sec 

Pm 3 =zt ’2 sin p 2 = 10*35 X 0*5 = 5*17 ft/sec 
•** the velocity of water leaving the float 

= v X7+X7-v IT 2 +5 r i7 2 
— 5*36 ft/sec Answer 

and a 2 > the direction of motion of water at exit, is 

v ™ 2 c.17 

tan a 2 = =-^-^=3*69 

V, 1’* 

•• ^l —tan -1 3*69=74° 50' Answer 

4.7 Advantages and Disadvantages of Water Wheels— 

Advantages i) Simple and strong consruction, 

anc * «) High and consistent efficiency even if Q is not 

constant (specially for Overshot Wheel), 

Disadvantages 2 ) Power to weight ratio is very small i.e. the 
machinery is too heavy for the small power it 
produces, 

ii) Poor governing ability, 
and in) Speed too slow, 

The slow moving water wheels are totally incapable of driving any 

modern machinery and particularly the generators. It is for this reason 
that the water wheels have been superseded by water turbines which 
operate under any head (highest head so far 5,800 ft) and practically any 
desired speed enabling the generator to be coupled directly. 
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4.8 Jet Reaction Water Wheels —All the water wheels desciibed 
so far opeiate in the open air, that is under atmospheric piessure. As 
desciibed under Art 4 2, they are driven either by weight or by 
impulse of moving water. The latter type is known as impulse 
wheel in which case the whole of the head of moving water is 


convcited to velocity head. The water, 
with high velocity, then, impinges on 
the buckets of the wheels in the open 
air. 

The reaction wheels on the 
other hand, operate under pressure 
of water which is above atmosphere, 
and the wheels are either full of water 
or submerged under water. The princi¬ 
ple of jet propulsion (Art 1.12 and Fig 
1.25) or reaction of jet is applied to 
impart motion to such wheels. The 
simple application to this principle is 
Banker’s Mill (Fig 4.5) which is an 
adaptation of hydraulic use of Hero's 
Engine. The Barker’s Mill consists of 
a vertical pipe mounted in bearings 
To the lower end of this pipe arc con¬ 
nected two or more radial pipes. The 
ends of the radial pipes are closed and 
holes are drilled in them as shown in 
Fig 4.56. In some cases the radial pipes 
and bent at right angles at the ends 
(See Fig 4.5 a). The central pipe is fed 



with water under pressure and the re - 
action of water escaping from the ports 
at the ends of the arms causes them to 
rotate. Barker’s Mill is mostly used 
as rotating lawn sprinkler. 

The Barker’s Mill is also known as 
Segner Water Wheel in Germany. The 
modified form of this wheel which has 
the arms bent spirally, is sometimes 
known as Whitelaws 9 Turbine or Scotch 



Turbine . 


Fig 4,5 Barkeris Mill 
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Peripheral foice ~ ($ ee ^ c l n 1-24) 


Draw the inlet and outlet velocity triangles (See Fig 4 6) 



Fig 4 6 Inlet and Outlet Velocity Tuangles of Barkei’s Mill 




WATER WHEEIS AND DEVELOPMENT OF WATER TURBINES 


97 


01 


but 


Some losses have to be taken into account when calculating the 
output. 

4.9 Outward Flow Reaction Turbine (Fourneyron Turbine) — 

The Fourneyron tuibine was the hist hydraulic prime mover, which 
was named as “Tiubine”. The word tuibine was used for the 
water wheel having numerous buckets or vanes which are all supplied 
with water simultaneously, whereas in the case of water wheel the 
number of buckets or vanes were less and the water was delivered on 
a part of its circumference, impinging only a few buckets at a time. In 
modern practice the above difference between the turbine and the water 
wheel is applied to differentiate the two main types of turbines viz 
reaction and impulse turbines respectively (See Art 5 12). 

The Fourneyron Turbine was designed to receive its driving force 
from the reaction of water flowing radially outward from the central 
pipe and impinging on the blades of the wheel, thus rotating a shaft 
passing upward through the elbow (See Fig 4.7). The changing direction 
of radial flow, as influenced by the runner blades, provides the necessary 
reaction to operate the turbine. Since the flow in the turbine is from 
the centre to outward, it is known as outwaid flow or centrifugal reaction 
turbine. The Fourneyron turbine was the outcome of a prize com¬ 
petition of F r 6,000 (Rs. 600/- approx) in France. The first set of turbines 
installed at the famous Niagra Falls for the generation of electric power, 
were of this type. 

Discharge Qj=y 0 (* . B) 0 . B 0 ) ir mQ 
=<pi (it . Di , B x ) v m ^ 

C*r . D 2 . B%) v m<2 etc 

^ (area of flow) —(area occupied by the blades) 

^ area of flow 


a > .Q, , . 

- (w 2 —u 2 ) 

<7 

1 w.Q.H 

“a / \ 

(w t - « 2 ) u 2 


_ gH 


IV 2 a U 2 - 

" 2 g 2 q 


...(Sec Dqn 4.12) 

{iv 2 u 2 ) u 2 

2 (w 2 —u 2 ) u 2 


^ / W* «2 2 

H 2<J - 2g 

•j ~{w 2 ~U 2 ) (Wi + Uj) 


2uq 

(^ 2 +^ 2 ) 


...(4.14) 


Peripheral force on turbine runner is given by Eqn 1,24— 


77 — 

X U - 


w . Q, 

9 




«a= 


7r 

2 ~’ 


V U2 = 02 cos ot 2 — 0 


Since 
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HEAD RACE 


sTU/? 3 /M£ 

chart 





'RELATIVE - 

v PATH ;; ^<S$04t/r£ 


(Inside) 

^nUNNER 
VAN EE (outside) 



Kft 


outlet velogity inlet velocity 

„ C LE triangle 

6 4-7 0utwaid flow Reaction Turbine (Fouracyton Turbine) 


g ' l>Ul 


Theoretical power developed by the 

P=F u . Ui - w ~L^ v 

a w i 


turbine 


...(4.15) 


...(4.16) 


Theoretical efficiency Qjjtput. g '““i ' u * 
Input “ w . Q _. # 
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% • “1 

0r H~ 

7] is between 75 and 80%. 

In order to increase the efficiency of the tuibine, Boyden suggested 
that the water should be discharged fiom the iunner to the tail race 
through the diffuser (See Fig 4.7). 

4,10 Inward Flow Reaction Turbine (Francis Turbine) 

(See Fig 4 8) -“In this type of turbine the inflowing water enters the runner 
blades fiom the periphery [towards the centre and discharged radially 
inward. Thus the motion of water in the turbine is centripetal. Therefore 



INLET VELOCITY OUTLET VELOCITY 

triangle triangle 


l 7 g 4 0 Inward Flow Reaction Tuibine (Fiancis Tuibine) 
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centufugal foice will act against the direction of ilow and thus ieduce 
the tendency of tuibine to race, which is the advantage of this turbine 
o\ei the outward flow leaction type. 

ITowd was the fust to suggest the inwaid ilow ladial turbine in 
1.027 and Francis designed and constructed the hist pure radial centri¬ 
petal tuibine aftei carrying out several experiments, in 1865. The 
modern Francis tut bine (Chapter 7) discharges the water inwaid and 
down instead of inwaid and iadial as explained above. 


The same calculations for the deteiruination of power and 
efficiency described under outward flow reaction turbine (Art 4.9) will 
apply. 

4.11 Parallel Flow or Axial Flow Reaction Turbine (Jonval 
Turbine) (Fig 4.9)—The direction of flow of water in this type of 
turbine is parallel to the axis of the wheel. Jonval Turbine (1838—1850) 
which is a parallel flow reaction turbine consists of a horizontal runner 
into which the water enters through the guide vanes placed above it. 



DEVELOPED SECT/ON AT ZZ 

WsS-V. 


Go/c/e wanes (sfaf/Cnory) 

tH 


Runner vanes 
(snowing) 



Ae/at/ve paLh \ A6so/u/e jbaM 


Oo/Je/ 

Velocity Lr/anyle 



/n/ef 
Ve/oc/fy 7rtany/e 


Fig 4,9 Faiallel Flow oi Axial Flow Reaction Tut bine (Jonval Tuibine) 
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The calculations for the deteiruination of power and efficiency 
ate the same as described under outward flow r eaction tin bine (Art 4,9). 

Practical data— 

If X = d (See Fig 4.9) 

where /=lerigth of blades 

distance between two blades 

then a is known as relative blade length. 


(In modern axial flow turbines of Kaplan type -Chapter 7, X — \) 
B. 1 l 
D x ~ 5 t0 6 

Z) 1 =l'45 \/(Di and H in metres £Mn ?« 3 /sec) 

» 2 = 0 T 8 to 0 22V2gH~ 


4.12 Axial Flow Impulse Turbine (Girard Turbine) —The 

construction of Girard tur¬ 


bine is similar to that of 
Jonval type with the 
difference that guide vanes 
do not cover the whole 
of circumference^ but only 
two opposite quadrants. 
Thus the tuibine runner 
will not be full of water 
and it will move by the 
impulse of moving water. 
The velocity triangles are 
shown in Fig 4.10. 


u, -u 2 



Fig 4.1U Velocity Tuangles for Axial Flow Impulse 
Tuibine (Gnatd Tui bine) 


In modern practice the water turbines are coupled to the electric 
generators to produce electric power. Almost all the water wheels and 
turbines described in this chapter are obsolete for this purpose. The 
modern water turbines will be dealt with in the next chapters. 


Problem 4,4 The mean blade circle diameter of the runner of 
an axial flow impulse turbine is 5 ft. The guide blade angle is 25° and 
the vane angles at entry and exit aie 54° and 26° respectively and the 
breadth of the moving blade at inlet is 5 in. If the working head is 
312 ft 3 find the speed of the turbine. Also find the horse power developed 
if admission is over one half of the circumfeience. Allow 12 per cent 
loss of area due to varies and take co-efficient of guide vanes 0 98. 

(Punjab University — 1960A) 

Solution 


5 ft 

/3 1= 180—54 = 126° 

2 ?*=5 in. 

Loss of area due to vanes^=12%, 
or <£=1-0T2=0’88 


25° 
fts=26° 
#=312 ft 
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Co-eflicient of guide vanes, A^ — 0 98 
Di awing inlet velocity triangle (See Fig 4.10)— 

v x =K Vl . V2 gH *0*98^ 4/647x312 

= 0-9Bx8'02x]7 67=138-5 ft/sec 
7» ro =Pi sin «i=13(1*5 X sin 25° 

= 138 5 ‘ 0*4226=58'5 ft/sec 
cos = 138 5 X 0‘9063 

= 125'5 ft/sec 

“l~ cr u 1 tan |J ( 

, 0 -.' 58 ' 3 

- 1253 -*Ts7sr 

= 125'5~42'5 
= 83 ft/sec 


1 .JU _ . 

ttl ”sLo (180 ~8090 “ 72-3 ft / sec 
Now taking the outlet velocity triangle (See Fig 4.10)— 

« 2 =«j.(impulse turbine) 

w>^w L .(no loss on blade) 

s„ t =u t ~wi cos j3 2 

=83 -72-3x0-8988 
=83-65=18 ft/sec 
0=4 '{(ft Axi)x5,). v„ } 

— 0-88 X It X 5 X i X T J X 58'5 
= 168*5 cfs 

Horse Power developed=-~^ . ( p U j —» u ,) tt < 

-f^ 5x(]25 ' 5 ~ 18)X83 

=5 290 HP Answer 

*7) Speed of turbine— 

7U N 
"60 ‘ 


71x5x7^ 
= 60 
60XB3 


=317 rpm Answer 
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413 Further Development of Water Turbines— Prior to 
World War I, the development of water power took place in regions 
far from urban areas as the hydro-power was available mostly 
in rural or mountainous districts. The industry had to be installed near 
the power station as the mills used to be driven by the water wheels 
and turbines directly. The prime movers had to run all the time even if 
some of the machines in the mill were to remain idle. The drive of 
the mills was slow and was difficult to control. In those days electricity 
was still regarded as something of a curiosity in many countries. 

Then came the evolution in the use of electric power. Use of 
electricity for the drive of machines in the industry became very common 
as it proved very convenient to handle, To-day every individual 
machine in the shop of a mill is run by electric motor. With the further 
development in electric power* high speed machines were designed 
with which the size of the machine for the same power was reduced. 

Due to the increase in the use of electric power it was considered 
necessary to carry the electricity from the remote hydro stations to the 
far distant industrial towns It was not economical to transmit the electric 
power for long distances, as the voltage loss was great. The high voltage 
transmission technique was then developed, with which the percentage 
voltage drop became less. The tiansfoimers ate used to step up the 
voltage "produced at the power station and then step it down after it has 
been transmitted to the places where it is to be consumed. 

Due to the reasons described above, the water turbine has become 
an admirable prime mover for the central station power generating 
service. It has the following advantages over the other types of pnme 
movers— 

a) Simple, efficient, easily controlled and long lived. 

b) Outstanding ability to act as a standby unit, as it can be started 

cold and assumes full load in a few minutes. 

c) Gan be made automatic and remote controlled. 

d) May be combined with steam generating plant. 

Thus where sufficient water power is available the hydraulic 
turbine has become the back bone of large power distribution systems, 

In view of the above development in electrical engineering, the 
development of water turbine took place in the following spheres — 

a) Increase in head, speed and capacity, b) Efficient governing. 

To day there exist mainly three types of water turbines viz, Pelton, 
Francis and Kaplan which are explained in detail in Chapters 6 and 7, 

UNSOLVED PROBLEMS 

4.1 Write short notes on — 

a) Overshot Water Wheel, 

b ) Breast Water Wheel, 

c) Undershot Water Wheel, and 

d) Poncelet Water Wheel. 
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4.2 Explain why water wheels have been replaced by tmbines. 

4 3 What is the difference between impulse wheel and jet leaction 
wheel ? 

4.4 Describe Barker’s Mill, Where is it used in modern practice ? 

4.5 Differentiate between outwaid, inward and paiallel flow tuibines. 
Name their designers. 

4.6 What is the difference between axial flow reaction and axial flow 
impulse turbines ? 

4 7 Describe the development of modern water turbine. 

4 8 An overshot wheel 32 ft diameter has shrouds 14 in. deep and is 
required to give 29 HP when making 5 rpm. Assuming the buckets 
to be one-third filled with water, find the width of the wheel when 
the total fall is 32 ft, and the efficiency 60%, (4 18 ft) 

4 9 A Barker’s Mill is supplied with water under a head of 10 ft. The 
combined areas of the orifices amount to 40 sq in. and the velocity 
at the centres of the orifices is 24 ft/sec. Find the horsepower if 
the net efficiency is 60%. Find also the hydraulic efficiency. 

(11 8 HP; 68*7%) 

4 10 An outward flow turbine wheel has an internal diameter of 5 249 ft 
and an external diameter of 6‘25 ft. The head above the turbine 
is 141*5 ft. The width of the wheel at inlet is 10 in. and the 
quantity of water supplied per second is 215 cu ft. Assuming the 
hydraulic losses as 20%, determine the angles of tips of the vanes 
so that the water shall leave the wheel radially. Determine the 
horsepower of the turbine, then verify the work done per lb of 
water from velocity triangles. (134°— 40' ; 10% 2,760 HP) 

4.11 A parallel flow reaction tuibine runs at 52 rpm under a head of 
12 ft. The radial velocity of flow through the wheel is 4 ft/sec. 
The diameters of outer and inner crowns of the wheel are 8 ft and 
5 ft respectively. Determine the guide blade angle and vane angles 
if hydraulic efficiency of the wheel is 80%, 

(15°—46' ; 152°— 11'; 10°-2T) 

4.12 An axial flow impulse turbine makes 144 rpm when working under 

a head of 100 ft. The mean diameter of the wheel is 6 ft. The 
angle of the guide blade at entrance is 30°, and the angle the 
vane makes with the direction of motion at exit is 30°. 8% of 

head is lost in the supply pipe and guide, and 10% of the total 
head is lost in friction and shock in the wheel. Determine the 
relative velocity of water and wheel at entrance, and the velocity 
with which the water leaves the wheel. Calculate the hydraulic 
efficiency of the turbine. (45*36, 77, 44, 36, 23 ft/sec ; 73*75%) 

(jV.B. Problems on inward flow reaction turbines are given in 
Chapters 1 and 7). 
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HYDRO-ELECTRIC PLANTS 

5 1 IiiUoduction 5 2 Heads and Rate of How oi Dischaige 5 3 Essential Compo¬ 
nents of Hydio-Electnc Powei Plant 5 4 Classification of Watei Powei Plants 
5 5 High Head Watei Powei Plants 5 6 Low Head Walu Power Plants 5 7 Canal 
Water Power Plants 5 8 Medium Head Water Powei Plants 5 9 Classification of 
Modem Watei Tuibines 5 10 Classification of Tuibincs Depending upon the Head 
and the Quantity of Watei Available 5 11 Classification Accoidmg to the Names of 
Onginatois 5 12 Glassification According to Action of Water on Moving Blades 
5 13 Glassification Accoidmg to Dnection of Plow of Watei in the Runnei 5 14 Classi¬ 
fication Accoidmg to Disposition of Tuibine Shaft 5 15 Classification Accoidmg to 
Specific Speed 5 1G Glassification Accouling to Non-dimensional TacLoi K s in Tuibmcs 
5.17 Relation between N s and K s 


5 1 Introduction—The purpose of a Hydro-Electiic Plant is to 
harness power from watei flowing under pressure. As such it incorpoiates 
a number of water driven pnme-moveis known as Water Turbines, 

Water flowing under piessure has two forms of energy—kinetic and 
potential. The kinetic eneigy depends on the mass of water flowing and 
its velocity, while the potential eneigy exists as a result of the difference 
in water level between two points, which is known as “head”. The water 
or hydiaulic tuibine, as it is sometimes named, converts the kinetic and 
potential energies possessed by water into mechanical power. The 
hydraulic turbine is, thus, a prime-mover which when coupled to a 
generator produces electric power. The projects designed to produce 
electric power from water are known as “Hydio-Electiic Projects”. 
Hydro-Electric Projects may not be used exclusively for power generation. 
Sometimes, they are the off-shoot of flood conti ol and irrigation projects 
in which case they are known as “Multipurpose Projects”, for example, 
Bhakra Nangal and Damodar Valley Corporation (D.V.C.) projects. 
The foimer is useful mainly for power and iirigation whereas the latter 
is primarily concerned with flood conti ol. 

Hydro-electric power can be developed wherever water continuously 
flowing under pressure is available. Dams constructed across flowing 
rivers divert the riverine bounty through the turbines giving rise to such 
useful power. But this is not all. Water that collects in natural or 
artificial lakes in the high and huge mountains, due to the melting of 
snow and due to heavy monsoon rain, can be led down to the turbines 
through large pipes known as penstocks t 

The following table gives the total energy consumption and the 
resources of hydro-electric power of some of the important countries of 
th e world. 
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TABLE 5.1 

Total Energy Consumption & Hydro-Electric Resources 


Energy Consumption 


Countiy 


Hydro-Electric 

Resources 

Popula¬ 

tion 

4- 16 6 

1 

Total 
Con- i 

sumption 
—10 6 kwh 
per year 

1 

Electric 

Consumption 

Total 
4 - 10 6 kwh 
per year 

kwh 

per head 
per year j 

Potential 
-7-10 6 KW 

Deve¬ 
loped 
-HO *KW 

V S.A. 

123 

i 

[ 8,300,000 

544,000 

i 

4,400 

i 

100 

18 

U.S.S.R. 

193 

| 4,400,000 

166,000 

860 

60 

1'7 

UK. 

50 

1,750,000 

64,000 

1,270 

0'5 

0-27 

France 

41 

590,000 

41,000 

1,000 

4-5 

4-5 

Norway 

3-3 

100,000 

22,000 

6,000 

7'5 

2'9 

India 

361 

1,200,000 

9,100 ' 

, 

25 

40 

0'8 


It shows that India has developed only 2% of its water power 
potential so far. 

5 2 Heads and Rate of Flow or Discharge— Head is the 
difference in elevation between two levels of water. The head of a hydro¬ 
electric plant is entirely dependent on the topographical conditions. 
Head can be characterised as 

a) gross head, 

and b) net or effective head. 

a) Gross Head is defined as the difference in elevation between 
the head race level at the intake and the tail race level at the discharge 
side, naturally, both the elevations have to be measured simultaneously. 
The gross head may vary as both the elevations of water do not remain 
the same at all times. It is essential to know the maximum and minimum 
as well as the normal values of the gross head, The normal value would 
be that for which the plant works most of the time. In rainy season the 
flood may raise the elevation of tail race, thus reducing the gross head, 
On the other hand at the time of draught the same may be increased. 

b ) Net or Effective Head is the head obtained by subtracting 
from gross head all the losses in carrying water from the head race to the 
entrance of the turbine. The losses are due to friction occurring in 
tunnels, canals and penstocks which lead the water into the turbine. 
Net or effective head is, therefore, the true pressure difference between 
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the entrance to the turbine casing and the tail race water elevation. The 
measurement of the pressure head at the entrance to the tuibine casing 
must be corrected for the velocity head at that point, and the tail-water 
elevation corrected for residual velocity head. 

Rate of Flow or Discharge of water is the quantity of water 
used by the water turbine in unit time and is, generally, measured in 
cu ft per sec (cusecs) or cu ft per min in FPS units and ?? 2 3 /sec or lit/sec 
in metric units. 

The maximum, minimum and the normal rates of flow and flow 
distribution throughout the various seasons ought to be known. 

5.3 Essential Components of Hydro-Electric Power Plant— 

a) Storage reservoir, 

b) Dam with its Control Works, 

c) Waterways with their Control Works, 

d) Power house with turbo and other machinery, 

e ) Tail race, 

and f) Generation and transmission of electric power. 

a) Storage Reservoir —The water available from a catchment 
area is stored in a reservoir, so that it can be utilised to run the turbines 
for producing electric power according to the requirement throughout 
the year. The storage reservoir may be natural or artificial. 

Natural reservoir or lake may be found in high and huge mountains. 
Water is taken off from one end of the reservoir through a tunnel built 
by cutting the mountain. 

Artificial reservoir is made by constructing dam on one or two 
openings of a valley in order that considerable amount of water is stored. 

b) Dam with its Control Works —Dam is a thick wall erected 
on suitable site to provide for the storage of water and to create head. 
Dam may be built to make an artificial reservoir from a valley or it 
may be erected in a river to control the flowing water. Dams may be 
of different types such as earth dam, masonry dam, wooden dam or steel 
dam. Masonry dams are very common. 

Structures and appliances to control the supply of water from the 
storage reservoir through the dam, are known as Control Works or Head 
Works . The principal elements of control works are 

i) gates and valves of various types and their operating mechanisms, 

it) structures necessary for their operation, 
and Hi) devices for the protection of gates and hydraulic machines. 

The different types of gates are— 

Plain sliding gates, wheeled gates, sluice gates, crest gates (/.*. 
flash boards or shutters), tain ter gates, rolling or drum gates, radial 
gates etc. 

The different types of valves are butterfly and needle valves. 

The devices for the protection of gates and hydraulic machines 
consist of 
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i) TrashracLs (See Fig 5.2 and 5.4).—They are made of a row of 
rectangular cross-sectional structural steel bars placed across 
tlie entiie intake opening in an inclined position. They are 
used to obstruct debris from going into the intake. 

u) Debris cleaning device fitted on the traslnacks. 

iii) Heating element against ice troubles, 

c) Waterways with their Control Works —Waterway is a 
passage through which the water is carried from the dam to the power 
house. It may consist of tunnel, canal, flumes, forebay, pipes (i.e. pen¬ 
stocks) etc. Tunnel (See Fig 5.1) is passage made by cutting the mountain 
to save distance. Forebay (See Fig 5.4) in an enlarged section of a canal 
spread out to accomodate the required width of intake. It sezves the 
purpose of storage reservoir* 

The control works for the tunnels, canals, flumes, forebay and 
pipes, may be different types of gates and valves described above. In 
addition to these, surge tank is used where water is carried through pen¬ 
stocks, A surge tank (See Fig 5.1) is a ieservoir fitted at some opening 
made on a long pipe line to receive the rejected flow when the pipeline 
is suddenly closed by a valve at its steep end. The singe tank, there¬ 
fore, controls the pressure variations resulting from the rapid changes in 
pipe line flow thus eliminating water hammer effects. For further 
details, See Chapter V of "Hydraulics 55 * 

d) Power House is a building to house the turbines, generators 
and other accessories for operating the machines. 

^) Tail Race is a waterway to conduct the water discharged from 
the turbines to a suitable point where it can be safely disposed of or 
stored to be pumped back into the original reservoir. 

f) Generation and Transmission of Electric Power —It 

consists of electrical generating machines, transformers, switching equip¬ 
ments and transmission lines. 

5.4 Classification of Water Power Plants —Water power 
plants can be classified according to the heads under which they work, 
as follows : 

a) High Head Plants working under heads ranging from several 
hundreds to a few thousands of feet. 

b) Low Head Plants working under heads mostly below hundred 

feet. 

c) Medium Head Plants working under heads lying between the 

above two and not covered by them. ° 

. High Head Water Power Plants —Water is usually stored 
up in lakes on high mountains during the rainy season or during the 
season when the snow melts* 

The rate of flow should be such that water can last throughout 
the year. ^ From one end of the lake, tunnels are constructed which lead 
the water into smaller reservoirs known as Jbrehays t The forebays distri¬ 
bute the water to penstocks through which it is led to the turbines. These 
forebays help to regulate the demand of water according to the 
load on the turbines. In cases where it is not possible to construct forebay, 
surge tanks aie built. When the load on the turbines decreases, the excess 
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pig 5 1 High Head Watei Power Plant Layout 
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quantity of water surges into the surge tank preventing a sudden pressure 
rise. Surge tank occupies much less space than a Forebay. Fig 5.1 
illustrates water flowing through the tunnel to the surge tank. Situated 
near the surge tank is a Valve House housing electrically driven sluice 
type valves meant for control of flow in the penstocks. The valves also 
help to close the penstocks and, thus, facilitate cleaning and repairing. 

The total distance from the water source to the turbine inlet may, 
sometimes, be even 3 to 10 miles. The water is discharged after passing 
through the turbines into the tail race from where it can be taken for 
irrigation. It is sometimes fed to fish ponds. 

5.6 Low Head Water Power Plants— These plants usually 
consist of a dam across a river. A sideway stream diverges from the 
river at the dam, Over this stream the power house is constructed. 
Later this channel joins the river further downstream. Fig 5 2 illustrates 
a typical low head station together with a canal-lock for easy navigation J 
of ships from one side of the dam to the other. 

5 7 Canal Water Power Plants— These also fall under low 
head plants. If there is a river flowing (See Fig 5.3) whose level A is 
higher than at B 3 a straight canal joining A and B is constructed. A 
dam near A diverts the water into the channel. The main sluice gates 
are erected near A to control the rate of flow of water in the canal as 
well as the forebay. The power house is shown on the right hand 
side of the forebay. On leaving the turbines, installed in the power 
house, the water is led back into the liver by the canal at B . The river 




Fig 5 3 Canal Watei Powei Plant Layout 
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water geneially contains floating 01 suspended mattei like grass, leaves, 
or small twigs which may bung the turbine to a standstill if permitted 
to pass through. To separate such foieign bodies in the water, it is passed 
through the trashrachs. Fig 5.4 shows the details of the plant of Fig 5,3. 



Fig 5,4 Details of Low Head Watci Plant 

When the turbine head decreases and there is less demand for water 
by the tui bines, the excess flow instead of swelling the canal is diverted 
over the waste iveir into the liver, thus by-passing the turbines. A drain 
gate on the side of waste weir facilitates cleaning and icpairing of canal. 

5.8 Medium Head Water Power Plants —If the head available 
in low head plant is above one hundied feet, a penstock joining the 
forebay to the turbine inlet is built as shown in Fig 5.5 Ihis plant 
would now be known as a medium head plant, which may also include 
a high head plant working under heads less than 1,000 feet. 

The following figures give a rough idea of the heads under which 
the various types of plants work— 

a) High head power plants—300 ft (about 100 m) and above, 

b) Medium head power plants—100 to 1,500 ft (30 to 500 m), 

c) Low head power plants—10 to 160 ft (3 to 50 m). 

It is to be noted that the figures given above overlap each other. 
Therefore, it is difficult to classify the plants directly on the basis of head 
alone. The basis, therefore, technically adopted is the specific speed of the 
turbine as explained later. 

5.9 Classification of Modern Water Turbines can be made 
according to 

i) the head and the quantity of water available, 

ii) the name of the originator, 

iii) the action of water on the moving blades, 

to) the direction of flow of watei in the runner, 

v) the disposition of shaft, 

and m) the specific speed or non-dimensional factor K a . 

The last one is the only scientific classification. 
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5.10 Classification of Turbines Depending Upon the Head 
and the Quantity of Water Available : 

a) Impulse turbine requires high head and small quantity of flow. 

b) Reaction turbine requires low head and high rate of flow. 

Actually there are two types of reaction turbines, one for medium 
head and medium flow and the other for low head and large flow. 

Similar to the classification of Water Power Plants (Art 5.4), it is 
quite difficult to classify the turbines according to head and discharge, as 
for the same head qt discharge all types of turbines can be employed. 

5.11 Classification After the Names of Originators— 

a) Pelton Turbine —named in honour of Lester Allen Pelton 
(1829—1908) of California (USA) in ail impulse type of turbine, used for 
high head and low discharge. 

b) Francis Turbine —named after James Bichens Francis (1815- 
92) who was born in England and later went to USA., is a reaction type 
of turbine for medium high to medium low heads and medium small 
to medium large quantities of water. 

c) Kaplan Turbine —named in honour of Dr. Victor Kaplan 
(1876 — 1934) of Bruenn (Germany) is a reaction type of turbine for low 
heads and large quantities of flow. 


5.12 

Blades 


Classification According to Action of Water Moving 

Turbine 


Impulse Turbine Reaction Turbine 

i . _I_ 

Pelton Turbine | j 

Francis Turbine Propeller and 

* Kaplan Turbines 

a) Impulse Turbine— The water is brought in through the pen¬ 
stock ending in a single nozzle. The whole pressure energy of water is^ 
transformed into kinetic energy. The water coming out of the nozzle 
in the form of a free jet is made to strike on a series of buckets mounted 
on the periphery of a wheel. The water is delivered to the wheel on a 
part of its circumference filling or striking only a few of the buckets at 

a time. ^ The wheel revolves in open air i.e . there is no difference of 
pressure in the water at the inlet to the runner and at the discharge. 
Therefore the casing of an impulse turbine has no hydraulic function 
to perform. It is necessary only to prevent splashing and to lead the 
water to the tail race, and also as a safeguard against accidents. 

This turbine is also known as a free jet turbine. 

In such type of turbine, it can be written that 
Pi^Pzs >>> v 2 

and w^wz (neglecting losses in buckets). 

b) Reaction Turbine —The reaction turbine operates with its 
wheel submerged in water. The water before entering the turbine has 
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pressure as well as kinetic energy. All pressure energy is not transformed 
into kinetic energy as in case of impulse turbine. The moment on the 
wheel is produced by both kinetic and pressuie energies. The water 
leaving the turbine has still some of the pressure as well as the kinetic 
energy. The pressure at the inlet to the turbine is much higher than the 
pressure at the outlet. Thus, there is a possibility of water flowing through 
some passage other than the runner and escape without doing any work. 
Hence, a casing is absolutely essential due to the difference of pressure 
in reaction turbine. 

For this type of turbine, it can be mentioned that 
P\»Pz> »i>z >2 and 

Propeller turbines are mainly Kaplan Turbines but Moody, Nagler, 
and Bell turbines may be found in the market. The main difference 
between Kaplan Turbine and the other type of propeller turbines is that 
the former has adjustable runner blades. 

5.13 Classification According to Direction of Flow of Water 
in the Runner 


Turbine 


Tangential flow Radial (low Axial flow Mixed (Radial 

Turbine Turbine Turbine and Axial) 

[Pelton Turbine] | [Kaplan Turbine] flow Turbine 

| [Modern Francis 

____|____ Turbine] 


Outward radial flow 
Turbine 

(centrifugal type) 
[Fourneyron Turbine] 
(Art 4.9) 


Inward radial flow 
Turbine 

(centripetal type) 
[Old Francis Turbine] 
(Art 4.10) 


In tangential flow turbine of Pelton type the water strikes the 
runner tangential to the path of rotation. This path is the centre line 
of buckets which is, sometimes, known as pitch circle diameter or mean 
diameter of wheel. 

Radial flow has already been explained in Chapter I. In axial flow 
turbine water flows parallel to the axis of the turbine shaft. In inward 
flow turbine, the water flows from the periphery towards the centre of 
the wheel, 

In mixed flow turbine, water enters radially and emerges out axially, 
so that the discharge is parallel to the axis of the shaft. Modern Francis 
turbines have mixed flow runners. 


5.14 Classification According to Disposition of Turbine 
Shaft —Turbine shaft may be either vertical or horizontal. In modern 
turbine practice, Pelton turbines usually have horizontal shafts whereas 
the rest, especially the large units, have vertical shafts. 

5.15 Classification According to Specific Speed —Turbines 
fall under a natural order when classified according to their specific 
speeds. The specific speed of a turbine is the speed of a geometrically 
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iVj = 90 Extremely Fast 
c) DUBS RUNNER 


(Fig 5.6 Contd) 
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8—Blades 5 Blades 3—Blades 

N 5 =100 135 225 


d) KAPLAN RUNNERS 
Different Types of Water Turbine Runners 
Co up in son of dimensions i> made on the basis that each runner develops 100 BHP 
undci 40 ft net head, when running at a speed equal to 10 Ns (British), 
(Manufactuied by Escher Wyss & Co, Ltd., Zurich, Switzeiland) 


Fig 5.6 Classification of Water Tui bines According to Specific Speeds N s 



(Manufactured by Gilbert Gilkcs & Gordon Ltd , Kendal—England) 
Fig 5.7 Turgo-Impulse Water Tuibine Runner 
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similar turbine that would develope one Brake Horse Power (BHP) 
under a head of one foot oi considering metric units, one metric HP 
under a head of one metre. 

Specific speed A**® ^ ’ } 'j~^= -" (See ^qn 3.39) 

H . v H //T 

tvhere Y= normal working speed of turbine in RPM, 

P t = tin bine output in BHP or metric HP 
77= net or effective head in ft or metres 

X (metric) =4‘45 X (British) .. (5.1) 

TABLE 5.2 

Specific Speed of Turbines 


Specific Speed 


Type of Turbine 

Type of Runner i 

British Units 

Metric Units 

, 

Pelton 

Slow 

Normal 

Fast 

2*5 to 4 5 

4*5 to 6*5 

6*5 to 8 

10 to 20 

20 to 28 

28 to 35 

Francis 

Slow 

Normal 

Fast 

13-5 to 27 

27 to 40‘5 
40-5 to 67-5 

60 to 120 

120 to 180 

180 to 300 

Kaplan 

i 

1 

67*5 to 225 

300 to 1,000 


Pelton wheels having a specific speed of 2'5 to 8 British Units (or 
] 0 to 35 Metric Units) are those designed for one nozzle. The gap 
between the specific speed relating to Pelton and Francis turbines i.e 8 to 
13'5 British Units (or 35 to 60 Metric Units) is bridged by equipping 
Pelton wheel with more than one nozzles which, of course, is the general 
piactice. Messrs Gilbert Gilkes and Gordon Ltd., Kendal (England) have 
patented another turbine known as Turgo-Impulse Wheel (See Fig 5'7) 
which covers the required range of specific speed. 

M/s Komplex, Budapest, Hungary manufacture Bank! turbines 
(See Art 6,18) having a specific speed of 4 5 to 18 British Units (or 20 to 
80 Metric Units). It is an impulse turbine based on the patent of Prof. 
Dohat Banki (1859-1922) of Budapest Technical University. 

Francis turbines could be designed for a specific speed greater than 
67’5 in which case it will have a special runner as designed by Prof Dubs, 
X of which ranges from 63 to 117. British Units (or 284 to 520 Metric 
Units.) 

Special types of runners such as screw runners, are used for specific 
speed more than 225. British Units (or 1000 Metric Units.) 

Problem 5.1 Find the specific speed of a turbine installed at 
Khapoli Power House belonging to Tata Hydro-Electric Go,, Bombay, 
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which develops 17,100 HP under a head of 1,685 ft when running at 300 
rpm. Specify the type of turbine employed. 


Solution 


Pi= 17,100 HP 


77= 1,685 ft 


Specific speed j\ s — 


,685 ft JV=300 rpm 
JV.VK 300 xV 177100 


300x 131 , 

~ 1,685x6-41 3 63 Aswet 

According to Table 5 2 the type of turbine emplo> ed is Pelton , 

Problem 5 2 The turbine installed at Ganguwal Power House 
(Punjab) develops 33,500 HP under a head of 98 ft. Find the specific 
speed of this turbine if it runs at 166 7 rpm. Knowing the specific speed, 
what type of runner would you select for such a turbine ? 

(AMIE-Nov 1954) 


Solution 


P,=33,500 HP 


77=98 ft 


Specific speed J\ r 8 — - 


N . VPt 


jV= 166 7 rpm 
166 7 X V 337500 


166-7 X 183 
: 98x3 15 


=987 


Answer 


Therefore, accoiding to Table 5’2 Kaplan lunner is to be selected 
for the above turbine. 

5.16 Non-Dimensional Factor K & in Turbines —The specific 
speed N 3 is a dimensional quantity, but a non-dimensional factor K s could 
be deduced for turbines in place of N s . * 

v_Q-N 2 ...(5.2) 


where Qj= rate of flow in cu ft/sec (or in m 3 £ -1 ) 

N= speed in rpm 

and v =velocity of water in ft/sec (ox in m j” 1 ) 

—\j2qH 

To prove K s as a dimensionless factor— 


K x f-j_y 

sec \ sec / 


ft 3 X sec 3 
2=5 ft 3 X sec X sec 


2 =a pure number 


Most modern method to classify the water turbines would, there¬ 
fore, be according to the non-dimensional factor K t . The values of 
factor K $ are given in Table 5.3. 
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TABLE 5.3 


The Values of Non-dimensional Factor IC S 


Type of Turbine 

Type of Runner 

K, 

Pelton 

Slow 

0 098 to 0-39 


Normal i 

0*39 to 0*76 


Fast 

0'76 to 1-2 

i 

1 

Francis ! 

i 

Slow i 

1 

3*5 to 14 


Normal 

14 to 31*5 

i 

■ 

Fast 

I 

3P5 to 88 

Kaplan 

' i 

88 to 980 


Problem 5.3 Find the specific speed of a turdine installed at 
Pykara Power House (South India), which develops 19,000 HP under a 
head of 2,800 ft. The speed of the turbine is 600 rpm. State the type of 
turbine that would be required. If this turbine uses 67 cusecs of water, 
what is the value of IC t ? 


Solution 

19,000 PIP f/=2,800 ft jY=600 rpm 

x c . c c , N.-s/pT 600x ^197000 _ , 

a) Specific Speed JV,=— a —-g- 2 — =4 06 Answer 

H* 2,800^ 


This turbine is of Pelton type, using a slow runner. 

0 TV* _ 

b) K s ~ -— where v=\/2g H 

zr 


67 X 6Q0 2 

(V2x32‘2x VPOO) 3 


— 0315 


Answer 


5.17 Relation between N t and K t — 
a) In FPS Units— 


JV V&. 

J 'S R 


JV 


m 


Vfl 


■ V 


where P t ~ 


w . O.H 
' 550 





= 0*336 


A / w IMAP ^ 

’ 'V 550 . H. Vtf" 

/ 3 d 

ViT ' V V/f 


V if)t 
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Dividing both sides by *S2g . &'2g 

—— ^-^-=0 336 . . 

a/ 2? . v/2ff V2gH 

but -\/2gH—v 


V 


Q._ 

V2gH 


Jf, _ 

y/2(7 •v / 2'7 


=0’336 \/v) ( jV 


•T-Vf 


or 


but 


or 


jV s =7’62 . V'Oi • 




r- Q.--A'' 3 

As= “P- 

JV,=7-62 . v'iir • v'T, 

r,_f _ N, Y_/JV, Y J_ 

s_ \7’62 . ~\7 - 62 ) ■ y) 4 


...(5.3) 


Assuming an average value of Y] t =0‘9 and substituting in the above 
equation 

' 2 1 / JV. \ 2 A? 


r = /vV s y j_ 

* V7-62/ x 0-9 _ \7-25/ 


or /r s = 


52*5 


...(5.3a) 


Apparently N s also seems to be dimensionless from the above 
equation, but it must be borne in mind that value 52*5 includes factors 
such as g etc. 


b) In Metric Units- 


v jY ■ \/pT_ -A r . / h 
~ VhWh.Vh 


5 

H* 


where 


p _w.QJS 

Pi 75 • 


M,= 


N 


•y 


=3-65 


w , Q. H, i \t 

\'TT ' / V 75 h . \/TT 
n r~ o' 


\/H ‘ V VH 

Dividing both sides by V2 g . y/2 g 


• Vv], 


== = 3‘65 V y] t 


V2 g . f/2g 
but V 2?# —v 

- 7 =^-==.== 3-65 y/^7 


' V 2?tf 


•Vv 


jL 

vW 


•7 ■ y ^ 


A,=34)V^ 


— Jf.VQ, 


J 
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0 V 


A, = 34 \ r u . \ / /r s 




• (5 4 ) 


Assuming aveiage value ofv]* = 0 9 and substituting in the above 
equation 


li V34/ 32*2 J 


Problem 5 4 It is proposed to develop 2,000 HP at a site where 
480 ft of head is available. What type of tuibine — impulse oi a low, 
medium, or high head leaction tui bine would be employed if it had to run 
at 300 rpm 0 If the same turbine is now used under a head of 100 ft, 
find the pouer developed and its rpm. 


Solution 


P t = 2,000 HP 


#=480 ft 


A =300 i pm 


a) Specific speed of the tut bine 

, Af 300 ><v 27000 


= 5 99 


The specific speed of a Pelton (impulse) type tut bine ranges from 
2 5 to 8 0, therefore Pelton turbine would be selected for the above 
project and according to Table 5 2a normal lunnei would be employed. 

p ^ 

L \ \_T *_ , l O t (1/ ^ ” 


b) Accoiding to Art 3.13(i/i) 


o 1 Pi 


(t)' 

P i„ = 2,000 X (-*—) = 190 HP 

jv, 

j\\ - 0 % l 

■ ( l\ )’ 

•'■-sooxCt®-) 1 “137 rpm 


Answer 


...(See Eqn 3.31) 


Answer 
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Problem 5 5 An impulse turbine develops 2,500 IIP undeL <i 
head of 220 ft What could be the maximum and minimum speech of 
the tin bine with a single nozzle ? What speed would be the best for 
coupling it to an alternator p How high a speed could a leaction 
tuibine give ? 


Solution 

2,500 HP 77=220 ft 

The specific speed of a tuibine is —\ - 1 


77* 


The range of the specific speed for the impulse (Pelton) turbine 
is 2‘5 to 8 0 


Minimum speed of the impulse turbine is given by 
N \J 2 ,~5QQ~ 

220 T 


(220x3 85) x2 3 
50 


2 5= —— v oi JV— — cn =42 3 rpm Answer 


Maximum speed of impulse tui bine : 




HA ■ N s ( 220x3 85) x 8 
Vp t 50 


= 135 rpm 


Answer 


The best synchronous speed for 50 cycles frequency can. be 

125 rpm 

b) The maximum speed which a reaction turbine of Francis type 
could give : 

,, (220x3-85) X67 5 , . . . 1 ' f 14 

jV=-...(as o7 5 is the maximum ppepmc speed) 

= 1,142 rpm Answer , . i 

The maximum speed which could be obtained by a Kaplan turbine 
uiider the same fonditjions j 

, r (220x3 85x225) a . 

JY== ----=3,812 rpm Answer 

Problem 5 6 A horizontal Francis turbine has the following 
specifications— 

77=98 rn Q= 10’8 m 3 /sec 

Find the minimum synchronous speed of the turbine, if its efficiency 
is 87%. 

Solution 

Biake Horse Power of the tuibine P • r it 

p,» l °°°x 7 ^ l x0 . 87 

= 1,228 HP (metric) 
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The minimum and maximum specific speeds for a Francis tuibine 
are 60 and 300 (metric units) respectively 

/. Minimum speed of Francis turbine— 


Hi 


60= 


M . V 1,228 


93 ^ 


or 


60 ' (98x3 f 15) , 9Q 

A = v __— —529 rpm 

DD 


The nearest synchronous speed for 50 cycles per second is 
600 rpm Atmve) 


UNSOLVED PROBLEMS 

5.1 What are “Multi-Purpose Projects” ? Give examples. 

5.2 Define head and discharge, What is the difference between the 
gross head and net head ? 

5.3 What are the essential components of hydro-electric power plant ? 

5.4 Define “Head Works”. For what purpose are they installed ? 

5.5 Name the different types of gates and valves. 

5.6 What are the trashracks ? State their uses. How are the debris 
removed from the trashracks ? 

5.7 What are water ways ? 

5.8 Classify Water Power Plants. Why is it difficult to classify according 
to heads under which they work ? 

5.9 Describe with the help of sketch, 

a) High head water power plant, b) Canal water power plant, 

5.10 Write an essay on the importance of high head and low head hydro¬ 
electric power projects. ( Punjab Univetsity—Sept 1954) 

5.11 Illustrate diagrammatically a general layout for a water power 
scheme comprising a Francis turbine supplied by a penstock 
and discharging through its draught tube into tail race. Indicate 
the effective head on turbine, after taking into account the losses 
upto the turbine intake and the final velocity in the tail race. 

[Punjab Univeisity—1948 Annual) 

5.12 What means are provided to save the penstock from water hammer, 
when the gates or valves of a turbine are quickly closed ? 

5.13 What is impulse turbine and why is it so named ? 

5.14 Name the different water turbines which aie used now-a-days. How 
are these turbines classified ? 

5.15 What is the difference between the impulse and the reaction water 
turbines ? 

5.16 Are Pel ton turbines mostly vertical or horizontal and why ? 

5.17 Is the modern Francis turbine a purely radial flow turbine ? 
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5 18 Define specific speed of a turbine. How does this figure help in the 
design of a tiubine 1 [AMIE—S ov 1953) 

5 19 Determine the specific speed and the type of each of the following 
water turbines. State the type of turbine rnnner used in each case :— 

a) Tilaiya Power House (D.V.C.) having two tuibines, each develop¬ 

ing 2,800 BHP, when running at 250 lpm under a maximum 
head of 77 ft. 

b) Pathri Hydro Station on the Ganga Canal in UP. equipped 

with thiee Water Turbines, manufactured by Voith (Germany), 
each developing 9,500 BHP, when running at 125 rpm under 
a net working head of 32 ft. 

c) Reisseck (Austria) Power Station having two turbines manu¬ 

factured by Charmilles (Switzerland), each rated at 31,000 
BHP, when rnnning at 750 ipm, under an effective head of 
5,800 ft, the highest head so far used to develop power any 
where in the world upto date. 

d) Aluminium Go Power Plant (Canada) having two turbines, 

manufactured by Dominion (Canada), each rated at 140,000 
BHP, when running at 327*5 rpm, under a rated head of 
2,485 ft. 

[ a) 58'2, Francis, fast b) 160, Kaplan c) 2‘61, Pelton, Slow 
d) 6*98, Pelton, fast]. 

5.20 It is proposed to build a turbine to operate at 106 rpm and develop 
13,500 HP under a head of 317 ft. What type of turbine would you 
suggest ? (Multi-nozzle, Pelton Turbine or Turgo Impulse Turbine) 

5.21 Can a Pelton wheel with single nozzle be obtained to utilize 10 cfs 
under a head of 225 ft, and run at a speed of 600 rpm ? If not, what 
may be done ? 

(No, either two nozzle with one wheel or two units each with a 
single nozzle may be used). 

5 22 The Pelton turbine at Seera de Cubatao (Brazil) is a double 
over-hung, two nozzle, horizontal type and develops, 85,000 HP 
under a head of 710 xn Determine its specific speed in metric 
units, if it runs at a synchionous speed of 50 cycles per second. 

r . 85,000 0 . nc _ TTT1 "I 

Hint : Pi per runner per nozzle— - =21,250 HP 

(250 rpm) 
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FELTON TURBINE 

f..l Df\tlnjjinent t»f PLltrm Tuibine G.2 Modem Pelton Tmbine. 

Main Components of Pelton Turbine 

fi.3 r»uuie Mechanism <1.4 Bucket* and Runnn G.5 Casing G.6 Hycliaulic 
Biake, 

6.7 iJdii u*nt Layouts of Pelton Tuibine (Anangements of Jets, Aiumgrmcnts of 
Itunneis) t».C Am aide Felton Tin bine Installations of the AVoild G,9 Pelton Tuibine 
Installations in India. 


Design of Component Parts of Pelton Turbine 

GIG Tm bine Power G.H Nozzle aurl Jot Diameters G.I2 MultJ-jels 6.13 Mean 
Diameter of Pelton Kunnci G. 11 Jet Ratio of a Ptlton Tuibine G.15 Selection of Speed 
6.16 Buckets ol a Pelton Runnei (Minimum Number of Buckets and their Const motion) 

6.17 Turgo-lmpuhe Tuibine G 13 Banhi Tuibine. 

Force, Power and Efficiency 

G.19 Velucity Tiiangles 6.20 Force Excited by a Jet 6.2! WolIc Done and 
Power Developed by the Jet 6.22 Tuibine Efficiencies (Jet oi Head Efficiency, Volumetric 
Efficiency, Hvcliaulic Efficiency, Mechanical Efficiency and Overall Efficiency). 

6.1 Development of Pelton Turbine —In Girard Turbine the 
water was directed through the guide vanes to the runner vanes as 
shown in Fig 4.9 of Jonval Turbine. As already stated in Art 4.12, 
the difference between the Girard Turbine and the Jonval Turbine 
was that in the former type the guide vanes did not cover the whole 
circumference of the runner as in the latter type. The reason being 
the Giraid turbine was an impulse turbine and water used to strike 
the runner under atmospheric pressure, while the Jonval tuibine was a 
reaction turbine in which the runner was full of water and worked under 
pressure more than atmospheric. When applied to high heads, 
the Girard Turbine was supplied by a single nozzle regulated by 
a slide covering the rectangular orifice. The large-sized Girard 
turbines were horizontal-shaft type. This was the development of 
tangential wheel , which helped by the construction of Poncelet (undershot) 
water wheel (See Fig 5.4), appeared in the market as “Spjon Wheel” or 
ft Hurdy-Gurdy Wheel” having spoon-shaped blades or buckets runner. 
This wheel was run by impinging jet from a rectangular orifice placed 
outside the runner. 

In 1880 Pelton discovered the importance of split elliptical bucket. 
This idea was put into practice and the runner was patented as “Pelton 
Wheel”. Such wheels were used in the mining industry of California. 
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Later Pelton impioved upon his invention such that the buckets were 
designed with divergent sides with which the water escaping smoothly 
utilized its full reactionary force in addition to the direct force due to 
the momentum of the impinging jet. The water jet after impinging 
on the buckets is deflected through an angle of about 165°, instead 
of 180 3 , so that it may not strike the back of the incoming bucket and 
retard the motion of the wheel. 

6.2 Modern Pelton Turbine —Pelton tuibine, also called fiee 
jet turbine, operates under a high head of water and, therefore, requires 
a comparatively less quantity of water. Water is conveyed in penstocks 
from the head race in the mountains to the turbine in the power house. 
The penstock is joined to a branch pipe or lower bend fitted with a 
nozzle at the end. Water comes out of the nozzle in the form of a free 
and compact jet. The number of nozzles required for a turbine depends 
on its specific speed. All the pressure energy of water is converted into 
velocity head. The water having a high velocity is made to impinge, in 
air, on buckets fixed round the ciicumfei ence of a wheel, the latter being 
mounted on a shaft (See Fig 6.1). The impact of water on the surface of 
the bucket produces a foice which causes the wheel to rotate, thus, supply¬ 
ing a torque or mechanical power on the shaft. The jet of water strikes 
the double hemispherical cup-shaped buckets at the centre and is deviated 
on both sides, thus eliminating an end thrust (see Art 1.5). After per¬ 
forming work on the buckets water is discharged into the tail race. 
The wheel must be so located that the buckets do not splash into the 
tail race water when the wheel revolves. 

Pelton Turbine Main Components 

6.3 Guide Mechanism —This mechanism controls the quantity 
of water passing through the nozzle and striking the buckets, thus 
meeting the variable demand for power. It maintains the speed of the 
wheel constant even when the head varies. The mechanism essentially 
consists of a spear fixed to the end of a shaft which is operated by 
governor (See Fig 6.1). When the speed of the wheel increases, the 
spear is pushed into the nozzle thereby reducing the quantity of water 
striking the buckets. If the speed of the wheel falls, the spear is drawn 
back allowing a greater quantity of water to pass through the nozzle. 
Sometimes a sudden decrease in load takes place. Consequently water 
requirement of the turbine suddenly falls. This necessitates the imme¬ 
diate closure of the nozzle with the spear, which may cause the pipe to 
buist due to the sudden increase in the pressure of water. In order to 
avoid such an occurrence, an additional nozzle is used. Water can pass 
through this nozzle, without striking the buckets. This nozzle is called 
the Bypass Nozzle and is opened when the main nozzle is being closed 
on a reduction in load taking place. 

The modern practice is to provide the guide mechanism with a 
deflector (See Fig 6.1 and 6.2). The deflector is a plate connected to the 
spear rod by means of levers 206 (See Fig 6.1) the spear rod 5 (See 
Fig 6.2) being operated by the governor. The plate is located between 
the nozzle and the buckets. When a sudden reduction in load takes 
place, the governor brings the deflector in front of the buckets thus 
deflecting the water jet and preventing it from striking the buckets. 
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Fig fi.2 DtfltTlm (Manuiactiuecl b\ Eschei W\ss) 


English Electric Co have provided some the Felton tin bines 
with a Seewet Jet Diffusoi (See Fig 6 3), which disperses or diffuses the jet 
by means of a number of slightly slanting flat blades sunounding the 
needle and forming a part of spear beach With the sudden fall in load. 



Fig 6 3 Seewer Jet DifFusor (Manufactured by English Electiic Co.) 

the blades instantly go forward into the stream, causing it to wlffil and 
converting the compact'jet into a hollow cone broken mto spray, thus 
destioying the energy by diffusion. For the normal operation the 
blades are withdrawn and their ends flushed with the cover, leaving a 
clear passage for the water to go out through the nozzle. 

6.4 Buckets and Runner— Each bucket is divided vertically 
into two parts by a sharp edge at the centre, thus having the shape of a 
double hemispherical cup (See Fig 6.4). The sharp edge helps the jet to 
divide, without shock, into two parts moving side-ways in opposite direc¬ 
tions (See Fig 6.5). The rear of the buckets should be so shaped as not to 
interfere with the passage of water to the bucket preceding in order of 


Tig C 4 Tucktts c.rd Rm nti (Manufactured by Eschei Wyss) 

rotation. The jet should be deflected backwards when leaving the 
buckets. The angle of deflection being about 160°, The buckets form 
the most important part of the turbine and should be designed to with¬ 
stand the full force of the jet when the turbine is shut off. It is impoitant 
to select a suitable material for the buckets, so that they should not crack 
under the considerable force of the jet. Cast Iron is used for low heads 
but for*higher heads bronze or, better still, stainless steel is used. The 



Fig 6.5 Jet Impinging on Pelton Buckets (Esehcr Wyss) 
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buckets should be properly polished in Older to avoid undue stresses under 
the action of the jet, which may lead to ciacking at sections which aie 
mcoriectly shaped. 

The buckets are bolted on to the ciicumfeience ol a lound disc 
f 0 lining the iunnei of the Pelton turbine (See Fig 6 6). The buckets and 
the disc can be cast as a single unit which will be more economical. 
Many tin bine manufactui ers believe that all the buckets wear equally 
in a given time. But it is found in piactice that buckets may break 







[b) 


Tig 6 6 Methods of Bucket Attachment (Eschei Wyss) 

a) Single Bucket 
li) Pair of Buckets 

down one at a time. It is easy to replace a broken bucket unless the 
runner is cast as a single unit. The runner is made of Cast Iron, Gast 
Steel or Stainless Steel. Gast Iron is used to reduce cost in tut bines 
designed for low heads, 

6 5 Casing —As already mentioned in Art 5.12 the casing of a 
Pelton turbine has no hydraulic function to perform. It is necessary 
only to prevent Splashing and to lead the water to the tail race, and 
also as a safeguard against accidents. 

The casing is made of cast or fabricated parts. It has to take a 
force of the jet projecting beyond the runner in the event of overspread. 
In horizontal shaft units, the casing is split into bed plate and cover, 
so that the runner can be lowered into place or lifted out by a crane. 
The lowest part of the bed plate is embedded and anchored in the lower 
house floor. The escape of water along the shaft is prevented by a seal. 
Baffles (See Fig 6.1, No 33) are arranged to reduce windage loss or to 
protect the runner and jet from interference by splash. 

6.6 Hydraulic Brake —After shutting down the inlet valve of 
turbine, the large capacity runnet will go on revolving for a considerable 
period, due to its inertia. This has necessitated the development of a 
brake to bring the turbine to a standstill in the shortest possible time. 
The brake consists of a small nozzle fitted in such a way that on being 
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opened, it directs a jet on the back of the buckets to bring the revolving 
runner quickly to ‘ rest (See Fig 6.7 a). The least diameter of the brake 
jet lias been found to be equal to 0*6 times* the least diameter of the 
main jet. 

6.7 Different Layouts of Pelton Turbine— 

a) Arrangements of Jets—hfost of the Pelton turbines have a 
single jet and a horizontal shaft, as shown in Fig 6.7 a. However the 
number of the jets depends upon the specific speed. It is* therefore, 
possible that more than one jet may be employed. Fig 6.7 b and c show 
the arrangements of double jet with horizontal shaft and four jets with 
vertical shaft respectively. 

b) Arrangements of Runner—The runner of the turbine as well 
as the rotor of the generator, to be driven by the turbine, are keyed 
on the same shaft. The rotor of the generator is generally heavier than 
the Pelton runner, and is, therefore, supported in two bearings while 
the turbine runner is keyed on the length of the shaft overhanging 
beyond one of the bearings. This is known as ovet/wng arrangement of 
runner (Fig 6.8a). 

If the turbine is designed for greater power or higher speed, two 
turbine runners are installed. They may be arranged together on one 
side of the generator and each of them having its own bearing as shown 
in Fig 6.86 ; or one on each of the projecting ends of the shaft (Fig 6.8r). 
The latter arrangement is known as double overhung type. 

6.8 Notable Pelton Turbine Installations of the World—The 

largest Pelton turbine of the world till today is at Cimego (Italy) 
producing 150,000 BHP under a head of 2,365 ft when running at 
300 rpm. It is a double overhung type, having one jet per runner. 

The next largest Pelton turbine, manufactured by Dominion 
(Canada), is installed at Kemano (Canada) in an underground power 
station, meant for aluminium reduction works at Kitimat, This is a 
vertical-shaft, four-jet turbine producing 140,000 BHP at 2,485 ft net 
head and 327'5 rpm. 

The highest head used for a Pelton turbine anywhere in the world 
up-to-date is 5,792 ft net. This turbine is installed at Reisseck (Austria) 
producing 33,800 BPIP at 750 rpm. It is manufactured by Charmilles 
(Switzerland). The next turbine using largest head is installed at 
Chandoline (Dixence), Switzerland. It delivers 50,000 BHP with two 
runners, when working under 1748 1 x 1 ( 5 = 5709 ft) gross head and running 
at 500 rpm. It has a discharge of 3T to 10*25 m 3 /sec and net head of 
1622 m. 

At Seera de Cubatao (Brazil), a double overhung horizontal turbine, 
developing 85,000 HP ( i.e 42,500 HP per wheel per jet) under a head of 
710 m;-2,330 ft) has been installed by Voith, Heidenheim (West 
Germany). The turbine runner has a mean diameter of 3*5 m(«lljft) 
and has 21 buckets, each bucket weighing 420 kg (~925 lb). Eight such 
turbines have been installed in the above power house. 

*See "Characteristics of tree Jrt Water Turbine in Working and Brake Regions’ 5- ' 
(in Geiman), by Dr Jagdhh Lai. Published by Springer-Vcrlag, Vienna, 1952. 
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6.9 Pelton Turbine Installations in India— 

The Tata Hydro-Electric Companies Ltd, Bombay : Under 
the Tatas Management there are three films, namely 

a) The Andhra Valley Hydro-Electric Co Ltd, 

b) The Tata Hydro-Electric Go Ltd, 
and c) Tata Power Co Ltd, 

a) The Andhra Valley Hydro-Electric Co Ltd, which came into 
opeiation in 1921 has got its Power House situated at Bhivpuri. Local 
trains connect Bombay Victoria Terminus (V T) to Bhivpuri Road 
(58 miles). The Powei House is 9 miles from the Bhivpuri Road Railway 
Station and the only conveyance to reach the destination is the petiol 
driven trolley run by the Company on the bioad gauge. 

The Power Plouse is fed by a 14 miles longX 1 mile wide Andhra 
Lake made up from a Valley by erecting 1,875 ft long dam at Tokarwadi 
to block Andha river. The average rainfall in this aiea is 99 inches per 
year. 

Penstocks —Eight penstocks of which six are installed emerge from 
a three miles tunnel connecting the Andhra Lake. Each penstock has a 
diameter of 42 inches which i educes to 32 inches at the turbine inlet. 

Turbines —Theie are six identical Pelton Turbines with governors 
manufactured by Pelton Water Wheel Co Ltd San Fiancisco, each 
designed for— 

Power — 15,000 BHP 
Head —Max 1,740 ft and Min 1,660 ft 
Speed= 300 RPM 
rp=83% 

Runner Dimensions : jD x - 9 ft—2 in., D cxt —\2 ft—7 in. 

d 0 — §\ in , £ 2=18 

Each turbine is equipped with an auxiliary relief (i e. bypass) nozzle. 

Generators : There are six identical Alternators manufactured by 
G E. (USA), each developing 10,000 KVA at 5,000 V at 50 cycles 
frequency. The exciter for each of the alternators is diiven by a small 
separate Pelton turbine. 

b) The Tata Hydro-Electric Co Ltd, which came into operation 
in 1915 has its Power House situated at Khapoli (Bombay-Poona main 
Road). This place is also connected by rail through a branch line from 
Karjat (Bombay-Poona section), 63 miles from Bombay. 

The Power House is fed from three lakes namely Shirawta, Walwhan 
and Lonavla. The first two arc joined by a tunnel and the water flows 
from the former towards latter. From Walwhan Lake, a 22,840 ft long 
duct line carries water to a forebay at Khandalla. Another 1,595 ft long 
duct joins Lonavala Lake to the main duct. The average rainfall in this 
area is 163 inches a year. 

Penstocks —Khandalla Forebay connects the Power House firstly 
by two pipes each 8,196 ft long having a dia of 82J inches reducing to 72 
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inches and then by six pipes each 4,-179 ft long having a dia of 42 3 , inches 
reducing to 38 inches at the turbine inlet. 

Turbines : The Power House consists of six Pelton Turbines, five 
of which aie manufactured by Escher Wyss & Co Ltd, Zurich and the 

sixth by the English Electric Co Ltd, Rugby. Five Eschei Wyss Turbines 
are identical and are equipped with governors. Each of these turbines 
(new 1954 units) is designed for : 

Power= 17,100 HP 
Head=-513 m (1,685 ft), 

0=2,940 lit/sec (104 cusecs), 

Speed = 300 RPM 
r lf =86% 

Runner Dimensions : D\— 2,900 mm, LW=3,615 mm 

<4*^200 mm, £2=23 

s— 158 mm 

Each turbine is equipped with a deflector. 

The Pelton Turbine manufactured by English Electric Co has the 
following design data 4 

Power —15,000 BHP, Head = l,655 ft (net), 1,720 ft (max) 
Speed=300 RPM, r lt = 84% 

Runner Dimensions : £ 2 = 24 

The turbine is fitted with a diffusor (Seewer design) instead of 
deflector. 

Generators: There are four Siemens and two G E, (USA) 
make Alternators, each developing 10,000 KVA, 5,000 V at 50 cycles 
frequency. The exciters for each of the alternators are separately run 
by small Pelton turbines. 

c) The Tata Power Co Ltd, which came into operation in 1927 
has its Power Station situated at Bhira which is approachable by the 
Company's trolley from Kolad 18 miles away. Kolad is 91 miles from 
Bombay and is connected by bus. Dhaiamtar which is 25 miles from 
Kolad also connects by bus. One can reach Dharamtar from Bombay by 
ferrv. The nearest Railway Station for Bhira is Lonavla (Bombay-Poona 
line) about 54 miles from Kolad approachable only by Company's car. 

The Power Station is fed by Mulshi Lake which is about 28 miles 
from Poona. The catchment area of the lake is 95’6 $q miles. Average 
rainfall is 100 inches to 250 inches a year at different places of lake. 

Penstocks : An 8 miles long tunnel connects Mulshi Lake to two 
112 ft long pipes of 82 inches diameters. These two pipes are then 
connected to five pipes each 3,760 ft long having a dia of 58J inches 
reducing to 51 inches towards bottom. Finally ten pipes each 2,050 ft 
long and of average 36 inches diameter connect the five pipes leading 
to the turbine-inlets. 

Turbines : There are six Pelton Turbine sets of double overhung 
type, consisting of— 
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i) Five identical English Electric Pelton turbines (new units erected 
in 1954), each developing 

Power= 25,500 to 30,700 BHP (by two iminers), 

Head — 1,440 ft to 1,555 ft 
Speed—375 RPM 
1)1 = 86 % 

Runner Dimensions : D 1 =7 ft—6 in., ^=10’25 in. 

j=5“313in., Zo — 20 
Each turbine is equipped with Seewer type diffuser. 

it) One Pelton Turbine manufactured by Morgan Smith (USA) 
having the following data ; 

Power=35,500 BHP (by two runners), 

Head =1,440 ft (net) 

Speed-375 RPM 

i)i=85% 

Runner Dimensions : £^=7 ft—3 in., D ext = 9 ft—3^ in. 

d 0 — 10'07 in , ^ 2 =20 

,y=9’02 in. 

The turbine is equipped with deflector. 


Generators : Five English Electric Alternators developing 21,875 
KVA, 9,400 to 11,000 V at 50 cycles and one G E (USA) make. The 
exciters are run by smaller size Pelton tuibines. 



Fig 6.9 Pelton Turbine (17,000 HP, 1,668 ft head and 428-5 RPM) installed at 
Jogindar Nagar (Mandi Hydro-Electric Scheme). Supplied by Boving &, Co Ltd, 
London (“The Engineer" dated 8-1-1932). (See Unsolved Prob 6,38) 
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SOME MORE PELTON TURBINE 


SI No. 

1 

Scheme 

1 

Site of Power 
House 

Source of 
Water 

1 

Mdnch YL\ dro-Electnc 
Scheme (Fig 6 9) 

(P.W.D Punjab) 

Jogindei Nagai 
(Shanan) 

Uhl River 
(Reservoii at Brot) 

2 

Simla Hvdio-Elcctric 
Scheme 

(Simla Municipality) 

Chaba 

Nauti (tiibutary of 
Sutlaj River) 

3 

Nainital Hydro-Electric 
Scheme 

Kumaun Hills, U.P, 

Namital 

Natural lake 

4 

Mussoorie H\ dro-Electric 
Ltd 

(Mussoorie Municipality) 

Mussoorie 
(6 miles from city) 

i 

Kiarkuli River 

5 

| Shillong Hydro-Elcctric 
Ltd (Assam Govt.) 

Shillong 

Stream nearby 

6 

Daijeeling District 
Hvdro-Electiic Powei 
Scheme 

(Darjeeling Municipality) 

i 

Sedrapong 
(4 miles from 
Daijeeling) 1 

Mountain Streams 

7 

Govt of Mysore, 

Electrical Department 

Cau\cry 

Cauvery Falls 

8 

The Satara Hydro- 
Electric Scheme 

Satara 

! Pykara River 

9 

Pvkaia Hydro-Electric i 
Scheme 1 

The Glen Morgan Scheme 

P)kaia 

Pykara River 

10 

Mahatma Gandhi 
Hydro-Electric Works 
(Jogfalls, Mysore) 

Sharavathi 
(on Bangalore 
Honnavar Road) 

Sharavathi River 

11 

Pallivasal Power Station 
(Kerala Govt,) 

Pallivasal (7 miles 
from Munnar) 

Mudirapuzha River 
(Tributary of 
River Periyar) 

12 

Mahora Power Station 
Kashmir 

Mahora (55 miles 
from Srinagar) 

Jehlum River 

13 

Konya Hydro-Electric 
Project (Bombay State) 

Konya 

— 

14 

Kundah Hydro-Electric j 
Project, Madras . 

(Two Stages) | 

Kundah 

Kundah River 
(Nilgiris) 
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INSTALLATIONS IN INDIA 


Manufacturers 01 
Suppliers 

No of 
Tur¬ 
bines 


Turbine 

Specifications 


Power 

HP 

Each 

Head 

ft 

, Watei 
Quantity 

Cusecs, 

each 

/ Speed 
rpm 

Turbine 
efficiency 
per cent 

Boving & Go. 

4 " 

17,000" 

17668 (av) 

100 

428 5 

88 6 



2,001 (max' 

) 



Boving & Co. 

3 

375 

540 

7*7 


88 

2 

590 

540 

12 

— 

— 

— 

3 

172 

950 

2 17 

1 

- 

| 73 5 

Boving & Co. 

2 

675 

1,000 

l 

85 

750 

— 

James Goidon 

2 

375 i 

1,000 

— 

600 

— 

Voitli, Germany 

2 

135 

550 

_ 

1,000 

80 

Escher Wyss 

2 

368 

567 

6 7 

1,000 

85 

— 

2 

290 

650 

49 

715 

80 

Escher Wyss 

6 

1,450 

384 

i 

— 

— 

Voith 

2 

70 



1,000 


Voith 

2 

10,900 : 

o 

CO 

CD 

CO 

I 

i 

600 

— 

a) Escher Wyss 

3 

10,900 : 

2,800 

i 



b) Escher Wyss 

2 

19,000 ! 

2,800 

67 

600 

89 2 

c) Escher Wyss 

2 

20,000 

2,800 

__ ! 

— 

— 

Escher Wyss 

4 

17,500 

< 1,205 ft 

-- 

428 5 

_ 

4 

32,500 

( (gross) 

— 

428 5 

— 

a) Escher Wyss 

3 

6,000 : 

1,880 

m \ 

750 


b) Boving & Go, 

3 

10,600 1 

1,880 

— 

600 

— 

A. Double (USA) 

4 

800 

400 

27.6 , 

500 


(Two-nozzles, 16 




I 



buckets per runner) 







Neyrpic (France) 

4 

87,000 1,560 (net) 

— 

300 

— 

Dominion Engg 

1 

28,750 ,1 

.,187 




(Canada) 


(5 jet) 

1 




j 

1 

50,000 12 

,470 i 

— 

— 

— 

1 

1 

(5 jet) I 

i 
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Design of Component Parts of Pelton Turbine 

6 10 Turbine Power —The power available from water can be 
calculated for a specified net head and iate of flow of water, as follows 

w . 0 . H r . v uk Q. fl 

350 ^ in FPS units ^ ° r= “75 

(in Metiic units) ». (6,1) 

where 7a=Povvcr available in HP or metric HP, 

ri' = Specific weight of water in lh/cu ft or kg /m e , 
f)=Rate of flow of water in cfs or m 3 /sec 
//= Net head in ft or m. 


This formula gives the theoretical available power as the losses in 
the turbine are not taken into account. To obtain the power supplied 
on the turbine shaft, P a is multiplied by the efficiency of the turbine, 
approximate values of which are given in Table 6.1, 

TABLE 6.1 


Practical Data for yp 


_ 

**.© 

35 

38 

89 

90 

P a in HP 

l 

100 

1,000 

10,000 

1 1 

1,00,000 


Pt = P a * Vjf 

where = Power supplied by the tuibine in BLIP. 


...( 6 . 2 ) 



6.11 Nozzle and Jet 
Diameters—The least dia¬ 
meter of the free jet (Fig 
6.10) which occurs at the 
vena contracta is given by 
the relation 


■ d i • v i 

where ^—the least dia of 
the jet in ft (or 
in m), 


t'l—velocity of jet in 

ft/sec (or in m/sec) measured at vena contracta 
£T= discharge through jet in cusecs (or m 3 /sec) 

Now v x =K Vi , </2glT 


K v ^=* co-efficient of velocity, 

77= net head in ft (or in m) 

Value of vaiies from 0’98 to 0'99 
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or 


_4(^ _ 

* • • \>2g . V7f 


Substituting average value of = 0*985, 
a) Least diameter of jet in FPS units— 

~4 


d i~*J' ■jtxO-S 


V 


qZ 

VH 


*985x8 , 02 

=yoiei. vqTi 

= 0*401 . VQi 

b) Least diameter of jet in metric units— 

dx-/\J TJ-X0-985X V2x9 8f ' \ 

— 0*5415 . 


__5, 

s/H 


..(6 3) 


.. (6.3<i) 


.(6.34) 


Let diameter of the nozzle at the outlet be d 0 (See Fig 6.10) which 
is always greater than d x . It can be determined as follows— 

Qj=a 0 . v Q 

where v 0 ^=K Vq . 4 /2 gH 

The experimental value of K Vq is 0‘81 to 0*83 



& _ 

\/~2gH 


...(6.4) 


Value of a 0 is obtained from the following experimental relation 
a Q —A . s—B . j 2 ...(6.5) 

Where A and B are constants for a particular nozzle and their 
values are as follow 


Also 

and 


A—2tt . r 0 . sin a . - -- 

sm(p-a) 

r?_ ^ • (£ — <*) C s i n 3~sin a) . sin 2 a 
sin 2 (3~ a ) 

maximum spear travel 
= 0*8 d 0 

2a=angle of spear 
2p = angle of nozzle 


...( 6 . 6 ) 

...(6.7) 


( See Fig 6.10 ) 


The dimensions of the nozzle and the branch pipe are generally 
given in terms of d x and can be determined when d x is known. 


These values are calculated for 
a=25° 

£=42° 
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These values of « and p are mostly used by European Continental 
Turbine Manufacturer. In UK, however, the values of« and g are 
taken as 22.J° and 28I i respectively. 

6.12 Multi-jets— The specific speed of a Pelton turbine is 
calculated for a single jet. Thus 

_. y . \ p7 

H ‘ 


Introducing dimensionless quantity in place of jV s 

r Q-jV 2 


or 



assuming y}^90% 


(See Eqn 5.3) 


Considering JV fi for a Pelton Turbine —7*25 
A s ~ l for a single jet. 

If for a single wheel two nozzles and, therefore, 
provided, then total power ~2P t 


and specific speed 


* v » V 2 Pj 
H T 


=.\; 


V' 2 


two jets are 


This shows that for specific speed greater than 7‘25 a multi-nozzle 
Pelton turbine must be employed. Explaining in terms of dimensionless 
factor, for two nozzles K s lies between 1 and 2 S for three nozzles K s lies 
between 2 and 3 and so on. 

Maximum number of nozzles so far used in a turbine is six in a 
vertical installation and two in a horizontal installation. 


Though multi-jets are essential when the specific speed of runner 
is more than 7 25, but such an arrangement makes the governing of 
turbine complicated and more expensive. 

6,13 Mean Diameter of Pelton Runner—Let the mean 
diameter of Pelton runner be D x and the speed be N rpm when the net 
head is H t 


Circumferential velocity of a bucket, 

ii\ cc m V 2gH 

The velocity c -efficient is known as Speed Ratio , i.e. the ratio 

of the peripheral or linear velocity of the buckets at their mean 
diameter to the Theoretical spouting velocity of water under the head 
acting on the turbine, 


or 




u 

V2 gH 


Sometimes the speed ratio K u ^ is denoted by <£. 
Circumferential velocity can also be given as 
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7r . £>! . j\* , . . 

u ± = it/sec (or mf sec) 

The centre line of the jet is 
always a tangent to the wheel pitch 
circle drawn with diameter D lt at 
its lowest point, as shown in Fig 6.11. 

Now K,,^ \/2gH —— 

60 . K u i . V2 gH 

or Di= — ttn — ft ( 6 ' 8 ) 

153 . K Ul . kJH 


u l 

(in FPS units) ...(6.8a) 



Fig 6.11 Alcan Diameter of Pellon 
Runner 


84*5 K, 


*JH 


N 


m (in Metiic Units) 


...( 6 . 86 ) 


TABLE 6.2 


Experimental Values for K u Corresponding to 
Maximum Efficiency 


.V. 

2 25 

7*5 

(FPS Units) 

Ms 

10 

32 

(Metric Units) 


0-46 

0'44 



Taking an average value for JT tti = 0 , 45, 

D x = 153x0'45x-^— (in FPS Units) 
a/JT 

or 84*5 X 0*45 X —~ (in Metric Units) 


= 68-9 . (in FPS units) ...(6.8a) 

VTT 

or 38’06 -^— (in Metric Units) 

Working speed, JV (RPM), of the turbine depends on the nature 
of the driven unit, If an electrical generator (alternator) is directly 
coupled to the turbine, JV will be determined by the relation 

, P.M 

60 


...(6.9) 
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where / is the frequency of the alternator in cycles/sec and p is the 
numbei of pair of poles. 

If/=50 } as is usually the case in this country, the speed 


^ 3,000 
fi 


...(6.9 a) 


Cost of a high speed generator being less, it is economical to select a high 
speed wherever possible. Generally for a Pelton Turbine, the speed is 
500, 375, 300 or 250 RPM, depending upon the size of the unit. 


After N and K u have been fixed, D 1 can be easily calculated from 
Lqn 6 8. 

6 14 Jet Ratio of a Pelton Turbine— 


Definition : 


Jet Ratio = 


Mean diameter of runner 
Least diameter of jet 


Symbolically, 


m= 


Dx 

di 


Jet ratio is an important feature of a Pelton turbine and influences 
its characteristics. It is, generally, used instead of specific speed in the 
selection and design of Pelton Turbines. 

Relation between m and JV, : 


JV,~ 


N ■ \'P t 


H 1 


60 . K Ui , V 2 gH 

Where -—-f» RPM 

TT , JJ 1 

a) Now in FPS Units— 


p.~=- 


Q.JL 

550 


• Ht HP 


But since . d j 2 . K v . \f 2 gH cusecs 

'r 1 


Pt= 


62 , 4x-?- . di* . K v . V 2gH.lI 

T 1 

550 




N,' 


60 . A' - u i V 2g ■ ^/H . /62'4x irx ^/2g . R. 

-=-X V -- i . d 1 

TC.i/j * A ^ ‘ r c f\ ± 


4x 550 


2 . H^ 




60 V2g . &2g V62 4 K dl 

^T. V4^550 ”~D, 

=129-5x/r Bi . \/K7~. ~ . V,T 


...( 6 . 10 ) 
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Assuming mean values, 

K« x =0 45 and =0*985 

Specific speed jV a =57 8 v/ ^' 

m 

b ) In Metric Units— 

n w . 0 H 

p t= (Metiic) HP 


.. (6.10a) 


Abut si 


since Q,= — rf x « . V 2gH m 3 /sec 


or _ 

l,000x-~ d x KK v ^2gH . H 


75-- ‘ V 

60 • A "t • V 2T • VW ^ l“obo X w x \/2f. K v 


JV.=- 


7T . Z) x 


4x75 


- 1 ^. ff -. nt 




60 , V2 g . &2g . V 1,000 r ... 
\/ ir . \/ 4x75 1,1 * 3 

=579. /v -L . V-^T 

1 1 m 

Assuming mean values, 

7r Ul = 0*45 and A* —0*985 



...(6.106) 


Specific speed 


JV>260x 


m 


...(6.106’) 


In modern turbines the value of jet ratio ranges fiom 10 to 30 
depending on the specific speed and efficiency of the turbine, 


TABLE 6 3 

Experimental Values of m 


m 

1 6-5 

I 

7-5 

10 

20 

k 

775 

7-2 

5-4 

2'25 (FPS units) 


34-5 

32 

24 

10 (Metric units) 

• nt 

0'82 

0'86 I 

1 

0 89 0*9 


For maximum efficiency m should be from 11 to 14. Highest jet 
ratio in the world is 110 for the five turbine units of Kt. Glaraus Power 
House in Switzerland. Specifications of each of these Pelton turbines are ; 
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Power =* 3,000 HP, Speed=500 RPM 

7) 1 =r211 inches (or 5,360 nun) d y = 1*92 inches (or 4877mm) 
H oroS3 = 5,412 ft (or 1,650 m) #„ ei ^4,850 ft (or 1,480 m)| 

6*15 Selection of Speed— For given conditions, Pelton turbines 
ha a wide range of speed, Theie is a definite speed yielding maximum 
efficiency as seen from the table above. If the speed of the turbine is 
made higher, then 

c) the specfiic speed will increase. 

Its advantages are— 

i) The size of the turbine will become smaller and hence it will 

be less costly, 

ii) The jet diameter will decrease. Reduction in jet diameter will 

raise the jet ratio and enhance the turbine efficiency (See 
Table 6.3). 

The disadvantage of having higher specific speed is that it necessi* 
tates multi-jets with which the governing becomes complicated and 
more expensive. 

b) The speed of directly coupled generator will increase. This means 
that smaller number of pair of poles are required and hence the generator 
will also be less eostly. 

c) Material employed for high-speed machines (turbine and 
generator) will be costly, as high speed causes great stresses in revolving 
parts. 

All points noted above should be kept in mind and conflicting 
interests compromised in the selection of a proper speed. 

6,16 Buckets of a Pelton Runner— 

Minimum Number of Buckets : 

Let the number of buckets be z. Then the angular separation 
between two buckets i.e the angular pitch, 

0—^- radians=(- 3 f°) < ’ 



Fig 6.12 Calculation of Minimum Number 
of Buckets 


Assume that the jet is run¬ 
ning horizontally with its centre 
line touching the pitch circle at 
a point directly under the centre 
(See Fig 6.12). A and B are points 
in which the straight horizontal 
path of the lowest water particles 
in the jet intersects the circular 
path of the bucket tips. Let the 
angular distance of A or B from 
the vertical centre line of runner 
be 

Consider the instant when 
buckets are in the position shown 
in Fig 6.12. Bucket (2) has just 
arrived at A and the preceding 
bucket (1) is at C at an angle 0 
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ahead of A. This can be said to be a limiting position. The portion 
of the jet to the right of bucket (2) is meant to strike bucket (1). To 
reduce volumetric loss, not a single particle of jet should escape without 
striking bucket (1). Hence for maximum utilisation of jet with a 
minimum number of buckets, it is essential that a water paiticle at A, 
which has escaped from striking bucket (2), should be just able to 
overtake the bucket (1) before the latter has crossed the point B . 

Time t x taken by a water particle in the jet to traverse a 
horizontal distance l x should be equal to (for slightly less than) time t 2 
taken by a bucket to move an angular distance 

U , 4 

Now ti — — and in — -— 

t'j to 


If R e ~ extreme radius of runner, 

R x ~mean radius of runner, 

diameter of jet (assuming that it remains constant), 
$=R 0 i? 1 =lialf length of bucket 
—k . d x (See Fig 6.13) 


then 


cos $ = 


X 


r '+T 




i + 


di 


2 R j 


o , d-i 

1+— 

m 


1+%^ 1+ — 

2 R l m 


...( 6 . 11 ) 


From Fig 6.12 

/j = 2 R e . sin ^=2 . d t ) , sin 4> 


also 



where u x is the tangential velocity of the centre of bucket 
2 (i?]+K d x ) . s in ft _^ 

Ri 

2 «i / t ,2/i: \ . . 

— 1+— • sm <f> 

v v x \ m J 

But Uj=K Ui . V5^// 
and K v ^ . \/2g H 



Further, sin = V1 — cos 2 <£ 
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A1 1 \ m / 

2 A 


V t> + ' 




-■ V( *+d-( *+i) ! 


Since 


. -X J 1 + w 1 

(~{ 


both $ and </> can be evaluated. 

Now 6— 2<£ —cJj 

and minimum numbei of buckets required 

w _ 2 tt 360 

9,ad = W 


...(6.13) 
.. (6.14) 


From the above deduction, it is seen that values of <b and <j* depend 
on /r Ui , K v ^, k and m. Also IC Ui itself depends upon in ; and Af Vi and A 

depend on which again is a function ofThus the minimum number 
of buckets obtained above ultimately depends on m. 
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Dr. Taygun 1 * has suggested the following empirical relation for 
determination of the number of buckets. 

,>-0-5™+15 .(G. 15) 

This equation holds good foi all values of m fiom 6 to 35. 

If the actual numbei differs from the value given by the abo\e 
relation, the efficiency will not be a maximum. 

Construction of the Bucket— 

Main dimensions of the bucket aie given in Fig 6 13. 

Practical data : 

Length L — 2 3 to 2 8 times d x 

Width 5=2*8 to 3 2 times di 

Depth 7^0’G to 0'9 times d t 

Angle j3i~5° to 8° 

Angle jB 2 — 10° to 20° at centre. 

6.17 Turgo-Impulse Turbine exclusively manufactured by 
Messis Gilbert Gilkes & Goidon Ltd, Kendal (England) is a medium- 
head free jet impulse water turbine. It bridges the gap of specific speed 
(See Table 5.2) between the Pelton runner and the Francis i tinner, 
which is normally done by employing multi-jets for Pelton runner. 
The runner is made in one-piece single-discharge buckets (half Francis 
and half Pelton type), held inwardly by the hub and outwardly by a 
peripheral band. The jet impinges the buckets obliquely to one side 
of the runner and discharges at the other. The striking of jet on the 
buckets is similar to Girard turbine of impulse type (See Ait. 4.12). 
Fig 6.14 shows the difference between the water jet impinging the Pelton 



Fig 6 14 Difference between the Water Jet Impinging 
(a) the Pelton Bucket and ( b ) the Tin go Bucket 

bucket and the Turgo bucket. Fig 6.15 shows the section through a 
Turgo-Impulse Turbine with hand-regulated spear. The number of jets 
to the runner is usually one and at most two. The end thrust of the 
jet is taken by bearings, therefore the overhung arrangement is not 
employed for such wheels. 

*Taygun,H.F. The influence of number of buckets on the efficiency of Pelton 
runner; Dissertation of Swiss Ftdeial Institute of Technology, Zurich 1946 (Published m 
Geiman). 
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Fig G.15 Section through a Turgo-Impulse Turbine with 
Hand Regulated Spear 

The Power House at Poonch (Jammu and Kashmir State), 200 
miles from Jammu, fed by Betar River is equipped with two Turgo- 
Impulse turbines, each developing 40 HP at 670 rpm. 


6.18 Banki Turbine (See F 
described in Art. 5.15, Banki turbine! 



g 6.16 and 6,17)—As already 
a free jet, impulse turbine which 
like Turgo-impulse turbine, 
bridges the gap of specific speed 
(Sec Table 5.2) between Pelton 
and Francis runner. The water 
jet striking the runner has 
a rectangular cross-section which 
can be varied lengthwise as 
well as breadthwise. The 
runner has a drum shape, con¬ 
nected to a shaft which is always 
horizontal. The drum-shaped 
runner can be made of any 
length with which large amount 
of discharge can be used. 





5 



Fig[6.17 Eanhi Tin bine in a Laboratory 

Problem 6.1 The Pykara (South India) Power House is equipped 
with impulse turbines of Pelton type. Each turbine delivers a maximum 
horsepower of 19,000 when working under a head of 2 3 800 ft and running 
at 600 rpm. Find the least diameter of the jet and the mean diameter of 
the wheel. What would be the approximate diameter of orifice of the 
nozzle tip ? Determine the value of the jet ratio and state if it is within 
the limits. Specify the number of buckets for the wheel. Take the 
overall efficiency of the turbine as 89‘2%. 

Solution 

19,000 HP if—2,800 ft 

JV=600 rpm 0‘892 

a) Least diameter of the jet d 1 — 

■ T)t (See Eqn 6.2) 


or 


19,000 


62'4xQ.X 2,800 
550 


X 0-892 


19.000x550 
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Assuming A\ =0 988 


ot 


f )7== JI. df X0 988x \ '62-4x2,800 
4 


0*988X 


67x4 


di- f \/ a.c )38 x 3 02 >' 53 X n 

=0 452 ft 

01* di — 5 42 in. 

/;) Ale an diameter of wheel D l — 

/—-IT , Di . N 
• ^2?// = gQ 


= v 0-205 


Assume A"„ =0 45 (for maximum efficiency) 
60 . K Ul . \HgH 

Di= 7T "V 

- 60 >'0 45 x8*02 X 53 
ttX600 

= 6 1 ft 


or Di=6ft-ll-in. 

c) Diameter of nozzle d 0 — 

d 0 - 1*25 ^=5*4X 1*25 = 6*75 inchea 

or d 0 = 62 in. 

v . 6*1 - 

d) Jet ratio ST452 - 

As the jet iatio for maximum efficiency is between 11 and 14, this 
value is, theiefore, within the limits. 


e) Number of buckets Z — 

^=0*5 m+ 15 (See Eqn 6.15) 

=05x13-5+15 

= 22 buckets 


Least diameter of jet =5 42 In. *) 

Mean diameter of wheel =6 ft— 3 J in. | 

Diameter of orifice = 6f in. y Answers 

Jet ratio =13‘5 | 

Number of buckets *=22 J 

Problem 6.2 A double overhung Pelton wheel unit is to operate 
at 30,000 KW generator under an effective head of 1,000 ft (or 304*8 in) 
at the base of the nozzle. Find the size of jet, mean diameter of runner, 
synchronous speed and specific speed of each wheel. Assume generator 
efficiency 93%. Pelton wheel efficiency 85%, co-efficient of nozzle velocity 
Q’97, speed ratio 0’46 and jet ratio 12. 
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Solution 

There are two mnneis keyed ou the two ends of the shaft, and the 
generator lies between them. Each runner is to be taken as one complete 
turbine. Thus the generator is fed by two Pelton tuibines. 

Horsepower developed by each turbine, 


30,000 1 

2 X O'746 X 0 93 


= 21,600 BHP 


Available horsepower of each tuibine, 


^=^8°—25,400 HP 


but 


w . a. H 
550 


or 




75 


in Metiic Units 


n Pa* 550 25,400x550 on , 

a= irr&—\ 62Tx i.ooo =m cusecs 

P a x_75 25,400x75 r . nc a ,__ 
or Q.” u - 1^000x 304’S” 6 25 m / sec 


w.H 

Velocity ofjet v 1 = K v ^ . y/2g . H 


=0‘97 x \/64 4 x 1,000 ==246 ft/scc 


[or ^=*=0 97 x \/2 X9*81 X 304’8*=75 ml sec] 


Area ofjet 


[ 


O 224 

a x — — X 144= 131 sq in. 

v± 246 


or <31= — =^^ = 0 - 0833 m* 
V} 75 


V 131 

—^ - =12*92 inches 

4 ” 

or rf 1= /\J =0-326 m or 326 


mm 


Diameter of wheel, D 1 =d 1 x jet ratio 

= 12-92 X 12 = 12-92 ft [or 0-326 x 12—3*91 m] 
= 13 ft [or 3,910 mm] 

Peripheral velocity of the wheel t . ■\ / 2g H 

= 0-46x8 02 X V 1.000=117 ft/sec 

[or 0-46x4'43x V304-8 = 35-5 m/sec] 


Hi¬ 


ts . .Di. JV it X 13 x JV 


60 


60 


But 
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.. 60X117 

J\=- , „ =1/2 rpm 

itX 13 r 


oi *Y= 


60 x 35 5 


1 


w".oi ~" 172 ! P m 
itXj91 J 

Assuming f, the fiequency of generator as 50 cycles per sec, 


/= 


p ■ ^ 


K — ’ J — 

J'&vn — . — 


gQ , where />=number of pair of poles 

3,000 


.60 J 
P 


Assuming 


p=\o 3 jV 


3,000 


Revised Diameter of the wheel, 

172x 13 


A— 


166-7 

— 13 ft— 5\ in. 


18 


: 13*42 ft 


= 166 7 RPM 


f n 172X3 91 H 

or I.) 1 =—— g ^ -^=4'06 m or 4,060 mm 


Specific speed A r b = ^ ‘ 


_ 166*7 x v 21,600 

1,000x1,000* 

==4 36 [or 19 2] 

Size of jet d \—12 92 in. 

Mean diameter of each wheel D x = 13 ft — 5- in. (or 4,060 mm) J 
Synchronous speed 166*7 RPM ? Answer! 

Specific speed of each runner JV^=4*36 British units J 

(or 19’2 Metric units) J 

FORCE, POWER AND EFFICIENCY 


166-7 x V21,600 


304*8X304*8 


OUU -j 

'8^ j 


( m’ ’X'yfc ■ 


6,19 Velocity Triangles^-In a Pelton wheel the jet simul¬ 
taneously strikes a number of buckets. It commences to strike the bucket 
before it has reached a position directly under the centre of the wheel 
(Fig 6 12). The angle which the striking jet makes with the direction of 
motion of the bucket is denoted by symbol cni and in practice it varies 
fiom 8° to 20°. As shown earlier in Chapter 1 the force exerted by the 
jet can be calculated with the help of velocity triangles at inlet and at 
outlet. 

In drawing the typical velocity triangles (Fig 6.18) for a Pelton 
runner the following points should be kept in mind : 

= .(since r x ~r 2 ) 

w x =W 2 .(Assuming there is no friction at the blade) 
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oc 2 < 90 

(c) FAST RUNNER 


Fig 6.18 Typical Velocity Tiiangles of Pc.lton Runner 



ASSUMED 


6.19 Ideal Velocity Triangles 
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a l<Pu l’l>>>«3 

« 1 <^! V> 2 <W Zi « 2 > a l 

6,20 Force Exerted by the Jet— For the calculation of the force 
exerted by the jet it is assumed that rtj — Q i.t the bucket face is per¬ 
pendicular to the jet. 

If ai —0°, ^=180° (Fig 6.19) 

then v u =v x cos = 

i 

or « a 

-From velocity triangle at outlet 

Vu 2 =v 2 cos ct 2~ w 2 — W 2 cos Pz 
For ideal case, 

/3 2 =0 a i>e ty water is deflected back by 180° 

Vu 3 ~U2—W t ...(COS 0°=1) 

But — u 2i and Wi=w 2 (assuming for ideal case) 

0u 3 —“i—^1 

==« 1 —(»x «i)=2« 1 -» 1 

Force exerted by the jet in the direction of u, 

F u ~ ~~ Va a) ^ (° r ^g) (See Eqn 1.24) 

(assuming that the total quantity Q_ strikes the bucket) 

» wi-(2«i-ai) | 

2 . w . 0 , , 

=--—— 

Also, Q.=F ‘ ' A *, • 

• \/2gH 

and iq = 7T U ^ . ^2qH 

Substituting these values in the expression for F u , 

/ ? u=~(-j- • ^i S • . V 2g H ^ K Vi — JF^J . \/2£77/ lb (or kg) 

=0). TT . K, x . (K Vi —K Ui ) . di . H lb (or kg) ...(6.16) 


Hence, force for unit head and unit diameter, 

\—3T7H =ir ' % • “ -( 6 . 17 ) 

lb (or kg) per unit head and per unit jet dia. 
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Force will be maximum when A" Ml =0 i.e., wheel is at rest. 

(F,,) —% . K v 3 . w 

1 1 may 1 

lb (or kg) per unit head and per unit jet dia .. (6,17 a) 
Su bstituting average values K u = 0*985 and zt> = 62'4 lb per cu ft 

(or 1,000 kg jm z ) 

a) In FPS Units— 

(K) . (0'985) 2 x62‘4 

I 1 t?iaa: 

= 190 lb per unit head and per unit jet dia, 

b ) Metric Units— 

(F u ) «f6 . (0’985) 2 x 1,000 

II max 

= 3,050 kg per unit head and per unit jet dia. 

Under normal working conditions -=0‘45, whence, 

a) In FPS Units— 

F Uii =tc X (0*985) X (0-985-0*45) X62*4 

=tc X 0*985 x 0-535x62*4 
= 103*2 lb per unit head and per unit jet dia, 


F u =100 lb 

u i x 


...(6.176) 


b ) Metric Units— 

F u i i“ftX0 985 X 0*535 X 1,000 

= 1,657 kg per unit head and per unit jet dia. 

For runaway speed, 

K lti =K Vi (See Fig 6.20) 

then F u i = 0 



Fig 6,20 Force ^) vs Speed Ratio 

Theoretically for maximum efficiency, 

K v 

K 


1 



158 


hydraulic machines 


But in practice, on account of losses, 
k h 

-L-1-8 

A "i 

Therefoie the runaway speed of a Pelton turbine is 1*8 times the 
noimal woiking speed. 

6 21 Work Done and Power Developed by the Jet— 

ower, P h =F« u ft lb sec 

= 2 — — - d x *. A y .a/2 gH . (A', .-A"- ) V 2gI : L{K n ^2glT) 

9 ' 4 1 __ 

=mi . 7r . . A, . A' . (A t . — Ah ) ,\/2gH . A7 ...(6.18) 

Power developed per unit head and unit jet diameter, 

p h _ 

p H,r d j; h. v w =w '' Aui ■ (A h _Aui) • v 2g 

...(6.19) 


Substituting aveiage values Ay =0 985 and A w =0'45 
to t 1 s 

, P„ in FPS Units— 

n i i 

P =tc X 62*4x 0 985 x 0‘45 X (0*985—0*45) X8 02 
= 372 ft Ib/sec/unit head and unit jet dia. 


372 

or Prr a - ee fr r =0'076 HP/unit head and unit jet dia. 

■n x j oOU 

p HP/unit head and unit jet dia. ...(6.19a) 

n i i 

b) Pu in Metric Units— 

P -ITx 1,000 x 0'985 x 0-45 X (0‘985-0'45) X 4'43 
H 1 1 

= 3,333 kg m/sec/unit head and unit jet dia. 

3 333 

or Prr =s - 4g = 44’5 metric HP/unit head and unit jet dia, 

H lX 70 

6.22 Turbines Efficiencies— 

Jet Efficiency or Head Efficiency—By definition the Jet Efficiency 
Head Efficiency. 


r \H z 


P H ir.w.dj. K Vi . . a/2 gH . H 


7 r 
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Foi maximum efficiency, assuming K v ^ as constant, 


df \i 
d K 


m 

• =0 or 4 (K -2 K u )-0 

li 1 1 3 



K. 


a; 

i 

"2“ ° r 

V 1 

Wj= 2 


K Vl 

K. 


) — 2 

inaa; A 

i . Kv i 2 . 


= JC 2 


...(6 20a) 


Taking an average value of A',,^0 985., 

(yj h ) =0 985 a =0 97 

k ^ max 

In the ideal case ( = 1 but actually it is 0 96 to 0 98 


Volumetric Efficiency— 

So far the force, powei and efficiency of the jet have been dealt 
with. Now the total quantity of water contained in the jet does not slnke 
the bucket and always theie is some amount of water that slips and 
falls in the tail race without doing any useful work. Thus, a new factoi 
called Volumetric Efficiency is introduced. 


If A&be the quantity of water lost on account of slip, 

a-A e, 

''Q p— 

Actual value of y]q is between 0 97 and 0 99 


..( 6 . 21 ) 


Hydraulic Efficiency—Considering the hydraulic losses of the 
turbine, the hydraulic efficiency can be written as— 




{H—&H \ 

,/H-A a\ 

l H ) 

\ a ) 


.,.(6 22) 


Mechanical Efficiency—There are always some mechanical 
losses in the transmission of power by the turbine and mechanical 
efficiency ^^^*=0*97 and 0 995 depending upon the size and capacity 
of the unit which may vary from 100 to 1,00,000 HP. 

Final Power Output from Turbines— 

IfP a be the natural available power, power produced by jet, 
p H~ p a . r\ H 

Hydraulic Power generated by turbine, 

P »= P H • 
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Net Brake Horse Power developed by the turbine shaft, 

P t =P h . r imec h = P a . ■ Tq * Vntee/i ...(6,23) 

Hence, Final or Overall Efficiency of turbine, 


Pa 9 * r\ 0 • ‘f}mecft 



•••(6.24) 

Substituting values for y)^, and tq w ^a 

Yj t =0'97 x0’98x0‘982 
= 0'932 

It must be remembered that in calculating the above values of 
force, power and efficiencies it was presumed that 

180°, (3 a *0% w x ^w 2 

In practice, 

Pi-95 0 to 110°, p 2 = 10° to 20° and ^ 2 =(0‘96 to 0*98) . 

More accurate calculations for force, power and efficiencies can be 
made by taking into account these facts and making the necessary 
corrections. 

Problem 6.3 The mean bucket speed of a Pelton turbine is 45 
ft/sec. The rate of flow of water supplied by the jet under a head of 140 
ft is 175 gallons per second. If the jet is deflected by the buckets at an 
angle of 165°, find the HP and the efficiency of the turbine. 

Solution 

Ui^u 2 —45 ft/sec Q,= 175 gps 5=8 ^ggf^^ =28 cfs 

140 ft 180°-165° = 15° 

Velocity of jet v L =K v ^ . \/2gH 

Assuming K v =0 985 

1 t 

^=0*985 x V64^xT46-93'5 ft/sec 

Assuming 180° 



Fig 6.21 

Draw the inlet velocity triangle (see Fig 6.21) 
p Mi — fli=93’5 ft/sec 


Wi=vi —'t^i==93’5 *-^-45^=?48'5 ft/sec 
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For outlet velocity triangle, assume iq—z/a 
and (neglecting loss on buckets) 

; t ^2=48’5 ft/sec 

«2=45 ft/sec 

/. v u ^v 2 cos (f^*=u 2 —wz cos jS 2 —45 -(48*5x0*9659) 

= 45'-46 , 8 = —1'8 ft/sec 


Work done/sec = — * ^ 
9 

62*4x28 


32*2 


*uJ • 

x (93*5+1-8) X 45 ft lb/sec 


...(See Eqn 1.25) 


Work done/sec 62*4x28x95*3 x45 . 

-eTcTa- =-o n ^ r-i.A -=423 HP ilwaw 


550 ~~ 

■ _ . Power developed 

hmciency Tj t= 7 -«=- 

J 1 Available power m 


32*2x550 

m _ 

■ a.» ; 

550 


423x550 

62*4x28x140 


= 0*952 or 95*2% Answer 

Problem 6.4 A single jet Pelton turbine is required to drive a 
generator to develop 10,000 KW. The available head at the nozzle is 
2,500 ft (or 762 m). Assuming electric generator efficiency 95%, Pelton 
wheel efficiency 87%, co-efficient of velocity for nozzle 0*97, mean bucket 
velocity 0*46 of jet velocity, outlet angle of the buckets 15 degrees and 
the relative velocity of the water leaving the buckets 0*85 of that at 
inlet, find 

а) the diameter of jet, 

б) the flow in cusecs, 

and c) the force exerted by the jet on the buckets. 


If the ratio of the mean bucket circle diameter to the jet diameter is 
not to be less than 10, find the best synchronous speed for generation at 
50 cycles per second and the corresponding mean diameter of the runner. 

(AMIE Mech E— Oct 1954) 


Solution 

KW~ 10,000 

Y] g =0’95 

jr, -0‘97 
|3 a =15° 

mS 10 

(1 JEW-1‘36 metric HP) 

Output of the turbine, ^>120 BHP 

£or P t = 10,000 X 1 “36 X q 7 ~ = 14,320 metric HP 


H=2,500 ft (or 762 m) 
7)$== 0*87 

if u *=0-46x0*97-0*446 

i 

u 

^2=0-85 Wi 
f— 50 cycles/sec 



162 


hydraulic machines 


Available horsepower of the turbine P 0 =-— HP 

(or = - metric HP ) 

Also P a =^=-^’~ = 16,220 HP 

r^t U o/ 

[or P a — =16,460 metric HP J 


Q= 


16,220x550 
62'4x 2,500 


=57‘2 cusecs 



16.460x75 , „ 3 

^l.OOOX-762- 1 ' 62 m 



Also Q,= -^ . df . K V1 , V2gH 


or 57‘2 =-t-X rf, 2 x0'97x V2X32 2x2,500 

*T 

[or 1-62=^-X df x0 97X Y 2X9 8l"x 762j 
or ^=0*433 ft or 5*2 in. 

[or ^! = 0’132 ;?z or 132 mm] 

Force exerted by jet F u ^ w ~—^ [v Ui — v Uz ) ...(SeeEqn 1.24) 

Assume 0^=0 and /? 1 =180° 

and . W^tTh^O $7 x 8*02 X 50 

1 J rr 

v =390 ft/sec 

[or r x *0 97 X 4*43 X \/762=118'5 m/sec] 
ih=K Ui . v / 2^ft r =0*446x8 , 02x50 

= 179 ft/sec 

[or w i—0 , 446 x 4‘43 X 27*6=54*5 m/sec] 

From inlet velocity triangle (see Fig 6,22) 

^=390—179=211 ft/sec 
[or 2 ^ = 118*5—54*5=64 m/sec] 



INLET 


Fig 6.22 


OUTLET 
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ix» 2 = 0‘85 X 211 = 179*4 ft/sec (or zt> 2 = 0*85X 64=54*6 772 /sec) 
M2 “ z/ i= 179 ft/sec (or w 2 =54 5 m/sec) 

»n 1 =2 , i—390 ft/sec (or z; w ^ui = 118 5 m/sec) 


From outlet velocity triangle (see Fig 6.22) 

V llo — ll2~W2 COS 

= 179— 179*4Xcos 15° 

= 6 ft/sec 

• 77 _^ / Q (d — y ) 

.. l\— - V »2> 


(or =54*5 —54*6x cos 15°) 
(or = l*83;w/sec) 


_62’4x57 2 
32‘2 

=42,800 lb 
D i 1 n 

m= X“ 10 ’ 


X (390—6) 


or = -X (118 5-1-83) 


«i = - 


n ■ . J\f 

60 


1,000 X 1 62 
9‘81 

[or = 19,250 kg] 

Z3 1 =10 x 5’2 = 52 in. 

[or D l = 10 X 132 = 1,320 mm] 

,, 60x179x 12 , 0715n , T 

or «/V=-- K -s— =787 RPM 


[■ 


or ,/Y= 


WX52 
60 X 54 5 
tc x0'132 


=787 RPM 


p t jy 

Frequency of generator /=——, where p— No. of pair of poles. 

If^ = 4, N svn ~15Q RPM which is nearest to 787 RPM 
Now AtfMiwa)* 3 —- 73^3 — = 54 7 in.=4 ft- 6 jgin. 


[or 


1,320x 787 


750 


=1,386 mm 


] 


Diaofjet ah=5*2 in. (or 132 mm) 

Flow Qj^Sl‘2 cusecs (or 1*62 m 3 /sec) 

Force exerted by jet on buckets jP„= 42,800 lb (or 19,250 kg) 
Best Synchronous Speed N svn =75Q RPM 

D i = 4ft—in. (or 1,386 mm) 

Answers 


Runner mean diameter 


Problem 6.5 In Pelton wheel installations a small auxiliary 
nozzle is often fitted, from which a jet of high pressure water can be 
directed when required on to the reverse side of the buckets, thus acting 
as a brake and bringing the wheel quickly to rest. Estimate the time 
required to stop the wheel by the brake nozzle under the following 
conditions: 
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Diameter of brake nozzle=2*8 inches 
Head at the nozzle = 1,560 ft 
Original velocity of buckets= 146 ft/sec 

Coriesponding kinetic energy of wheel and all levolving 
parts= 11,200,000 ft lb. 

Assume that the dynamic pi essure of the buckets is equivalent to 
that on flat radial blades. 

Solution 

Velocity of jet fiom biake nozzle v { ^K v ^ . ^2 g H 
Where —velocity co-efficient 
=0*985 (assumed) 
t^-O^x V2x32Tx 1,560 
=312 ft/sec 

Cross-sectional area of brake nozzle, — - d± 

043 s, ft 

A The quantity of water per sec flowing through the brake 
nozzle, 

Qj=a x . v x =0 043 x 312= 13*35 cfs 
Initial peripheral velocity of the buckets=146 ft/scc 
Final peripheral velocity of the buckets—0 ft/sec 

Average peripheral velocity of the buckets=73 ft/sec 

(assuming uniform retardation) 
Then average force acting on buckets 

».-(-»,) } 

Where j^velocity of jet, 

2 j A = peripheral velocity of buckets acting in the opposite 
direction of 

^.= -^m^X(312+73)=10,0001b 

Now, let the mean radius of wheel be R u then 
Torque or turning moment M t —F u . 7^ = 10,000 . JR X 
Let I be the moment of inertia of all moving parts, then 
\ I „ u^sskinetic energy of all moving parts 
= 11,200,000 ft lb 

where to 2 = angular velocity in radians/sec 
_146_ 

Ri . ,. 
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11,200,000 11,200,000x2 . R x 2 

1 l . co^ “ 146 x 146 ' 


and torque or turning moment Mt=I. a 
where a=angular letardation in rad/sec 3 


Hence F u . R\=I . e'¬ 


er 


... n 11,200,000 X 2 . R x 2 
10,000 .Ri- 146 X 146 


cc 


10,000X 14 6 X 146 . 9‘48 

*“ 11,200,000x2 . ~ Ri~ 


but 


or 


CO Ri 

a=1 T 

J46__£b48_ 

“Sx . < ~ i?j 

=15'4 seconds Answer 

9 48 


UNSOLVED PROBLEMS 

6.1 Write a short note how Pelton turbine was developed from Girard 
turbine, 

6.2 Describe with the help of a simple sketch the main components of 
Pelton turbine. 

6.3 Write short notes on— 

By-pass nozzle, deflector, Seewar jet diffusor. 

6.4 Why is the jet deflected by the buckets to 160° to 165° instead of 
180°? 

6.5 How are the buckets of Pelton turbine secured to the lim of the 
wheel ? 

6.6 Why a Pelton bucket has a notch like edge ? How does it effect 
the efficiency of the turbine ? 

6.7 State the functions of casing of Pelton turbine. Why has it no 
hydraulic function to perform ? 

6.8 What is the uses of hydraulic brake ? Describe the ratio of brake 
jet diameter to main jet diameter. 

6.9 Sketch the layout of single jet, double jet and four-jet Pelton 
turbines. 

6.10 Sketch the arrangements of single overhung and double overhung 
Pelton wheels. 

6.11 What is meant by a single overhung and a double overhung 
Pelton turbine ? What are the advantages of the latter over the 
former ? 

6.12 Under what conditions would you use more runners for a Pelton 

turbine ? (Delhi University — 1957) 
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6 13 Under what conditions would you employ more than one nozzle 
for a Pelton turbine ? What aie the disadvantages of such an 
arrangement ? (A Ad IE—May 1955) 

6.14 On what factors does the number of nozzles depend in case of 
Pelton turbines 3 

6.15 What importance has the ratio 

mean diameter of Pelton wheel 
least diameter of jet 

in designing the Pelton tui bine. (AM IE—Nov 1954) 

6.16 Evolve a formula for the specific speed of a Pelton wheel in the 
following foim— 

.v,=ir. VT . 4 

wheie N s = specific speed, /}=oveiall efficiency, 

rf=diameter of jet, Z) = diameter of bucket circle, 
constant. 

Find out the value of K when co-efficient of discharge for 
nozzle is 0 96 and the bucket speed=0‘47 of jet speed. 

(AM IE—May 1954) 

6*17 On what factors the selection of speed of Pelton turbine depend ? 

6.18 How would you determine the minimum number of buckets for a 
Pelton turbine ? 

6.19 Sketch a Pelton wheel bucket and show how it is attached to the 

wheel. ( Madras University — 1954) 

6.20 Write a short note on Turgo-Impulse turbine. How does it difFer 
from Pelton turbine ? 

6.21 Derive an expression giving the relationship between the jet speed 
and bucket speed for maximum efficiency of a Pelton wheel, 

{Madras University — 1957) 

6.22 Prove that the horsepower of a Pelton turbine per unit head and 
per unit jet diameter is two-third. 

6.23 Differentiate between volumetric, head, mechanical and overall 
efficiencies of a Pelton turbine, 

6.24 A Pelton wheel is to be designed to develop 1,000 HP at 400 rpm, 

It is to be supplied with water from a reservoir whose level is 800 ft 
above the wheel through a pipe 3,000 ft long. The pipe line losses 
are to be 5% of gross head. The co-efficient of friction is 0 005. 
The bucket speed is to be 0’46 of jet speed and efficiency of wheel 
is 85%. Calculate the pipe line diameter, jet diameter and wheel 
diameter. (Pipe—1 ft 6 in., Jet—3’38 in., wheel - 4ft 10 in.) 

(Punjab University — 1955) 

6.25 The highest head so far used anywhere in the world upto date is 
for running a Pelton turbine, installed at REISSEGK (Austria) 
which is rated at 31,000 BHP at 750 rpm under an effective head 
of 5,800 ft. 

Determine— 

a) Least diameter of jet, 
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b) Mean diameter of the Pelton runner, 

c) Number of buckets of Pelton runner, 
using emperical relation 

£=0 5 m + 15 

where <^=no, of buckets 

_ mean diameter of Pelton runner 
an m least diameter of jet 

Assume suitable values of oveiall tuibine efficiency (r\t) y jet 
velocity co-efficient (A^) and wheel peripheral velocity co-efficient 

or speed ratio (iT^) fiom the following table which gives all the 

required values against jV S3 the specific speed. 



i 

7-5 ( 5 4 

« 


0-82 I 0 89 

0-9 


0 98 0 985 

0'99 


0 44 0 45 

0 46 


(4 in.; 7 ft 2 in .; 36) ( Jadavpur University—1957) 

6.26 Determine the discharge, least jet diameter, mean runner diameter, 
jet ratio and number of buckets of the following Pelton turbine : 

Nainital Power House— 

BHP=172, Head=950 ft, Speed=600 rpm 

Assume the following constants : 

^=0*98, r Wi =0'45 i)^075 

(2’13 cfs ; 1'27 in. ; 3’54 ft ; 33*4 ; 32) ( Punjab University—1958 S) 

6.27 The buckets of a Pelton wheel deflects the jet impinging on them 
through 150°. Pressure at the nozzle is 600 lb/sq in. The centre 
line of the buckets is on a circle of dia 100 in. Find— 

a) best speed of the wheel, 

b) theoretical efficiency, 

c ) theoretical HP at a nozzle flow of 100 cusees, 

d) specific speed. 

Prove the formula used for specific speed. 

(310 rpm i 90% ; 15,700 HP ; 4’36) (Punjab University—1954) 

6.28 A Pelton wheel has a mean bucket speed of 40 ft/sec and is supplied 
with water at the rate of 9,000 gpm under a head of 100 ft. If the 
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buckets deflect the jet through an angle of 160°, find the HP and 
the efficiency of the tui bine. 

(256 HP ; 91%) {Madras Univeisity—1957 & UPSC—Nov 1938) 

6.29 A Pelton wheel, which may be assumed to have semi-cylindrical 

buckets, is 2 ft diameter. The available pressure at the nozzle 
when it is closed is 200 lb per sq in, and the supply when the 
nozzle is open is 100 cu ft/min. If the revolutions are 600 per 
minute, calculate the horsepower of the Pelton wheel and its 
efficiency. (79*2 HP ; 91'2%) {Madias University—1953) 

6.30 A Pelton turbine is requiied to develop 3,250 HP under a head 
of 900 ft. Its efficiency is 80%. Specific speed is 3*6 and the 
ratio of the rim speed to the jet speed is 0*47. 

Assume C=0 97 for the nozzle. Calculate the jet diameter and 
the rpm of the wheel. 

(5*58 in. ; 312 rpm) [AJCTE — 1957) 

6.31 A jet of water impinges on a series of curved vanes at an angle 
of 30 3 to the direction of motion of the vanes while entering and 
leaves the vanes hoiizontally. The head under which the jet 
issues from the nozzle is 100 ft, the co-efficient of velocity for the 
nozzle is 0‘9 and the diameter of the jet after leaving the nozzle 
is 2 inches. The speed of the vanes is 30 ft/sec and the relative 
velocity of the water at outlet is 0*8 times the relative velocity at 
inlet. Calculate 

a) the angle of vane tips at inlet, 

b) the horsepower developed by the jet, 

and c) the efficiency of the system. 

(48° ; I T9 HP ; 667%) ( Rajput ana University—1957) 

6.32 Show that in an impulse water turbine with equal bucket angles 
at inlet and outlet and with no frictional and other losses, the 
maximum efficiency is equal to cos 2 a, where a is the jet angle 
with the direction of motion of the turbine. 

A Pelton wheel working under a total head of 1,500 ft is 
supplied with 10 cfs/sec of water through a pipe 2J miles long, 
co-efficient of friction of the pipe mateiial being 0'007. If the 
wheel develops 800 HP with a wheel efficiency of 85%, determine 
the necessary diameters of the nozzle and the pipe. 

Neglect losses in nozzles, 

(3*576 in. ; T046 ft) (Rooikee University — 1958) 

6 33 A Pelton turbine is required to develop 5,000 HP at 300 rpm under 
a head of 1,200 ft. Determine the least diameter of the jet 
impinging on the buckets of the turbine wheel if the co-efficient of 
velocity is 0*985. Assume turbine overall efficiency as 0 9, What 
would be the mean diameter of the wheel if speed ratio is 0*45. 
Calculate the size of the nozzle used if its diameter is 25% larger 
than the least diameter of jet. How many buckets will be used for 
the wheel for the best efficiency ? (5J in,, 8 ft., 6* in., 24) 

6,34 Show that in a Pelton wheel, where the buckets deflect the water 
through an angle of 180°—the hydraulic efficiency of the wheel 
is given by— 

2v {V— z;)(l + cos Q) 
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if 7 is the velocity of jet and v the velocity of the wheel at the pitch 
radius. 

If the bucket speed is 100 ft per sec, 0=20°, and the jet diame¬ 
ter is 5 in , find the jet velocity for maximum efficiency and the 
corresponding WHP of the tuibine. 

(200 ft/sec ; 1920 HP as Available Power) (Bombay University — 1957) 

6.35 A Pelton wheel is supplied with water in the nozzle box at a 

pressure head of 500 ft. The velocity co-efficient for the nozzle 
is 0’96. The relative velocity of water while in contact with the 
buckets is turned through 150°, and is also ieduced by 15% owing 
to friction loss. The required ratio of bucket to jet speed is 0'47 
and 0 8 of the energy imparted to the wheel, as determined by the 
velocity diagrams, is available at the output shaft. The bucket 
circle diameter is ten times the jet diameter. Find the jet and 
wheel diameters, and the speed of lotation to develop 200 HP 
under these conditions, (2’426 in., 24 26 in., 765 rpm) 

6.36 The water available for a Pelton wheel is 150 cu ft/sec and total 
head from reservoir to nozzle is 900 ft. The turbine has two 
runners with two jets per runner. All the four jets have same 
diameters. The pipe line is 10,000 ft long. The efficiency of the 
power transmission through pipe line and nozzle is 91% and 
efficiency of each runner is 90%. The velocity co-efficient of each 
nozzle is 0'975 and the co-efficient of friction for the pipe is 0‘0045. 

Determine— 

i) the horse power developed by turbine 
ti) the diameter of jet 

id) the diameter of pipe line. 

(12,500 HP, 5'2 in , 4’5 ft) (London University—1945) 

(f.37 The following data weie obtained from a test on a Pelton turbine :— 

Area of jet = 12 ‘0 sq in , Discharge=6‘35 cusecs 

Head at nozzle=100 ft ; BHP =56’0 

Horsepower absoibed in friction and windage —3 0 HP 

Determine the energy lost in the nozzle and also the energy 
absorbed due to losses in the wheel at discharge, 

(7T HP ; 5'9 HP) (Roorkee University—1957) 

6.38 In Mandi Hydro-Electric Scheme at Jogindar Nagar, the water 
from the high level reservoir at Brot is led through the tunnel 
(constructed in the mountains) which is connected to four penstocks, 
each of average diameter of 51 in. and each finally discharging 
through a nozzle of 8 in. diameter. The jet of each penstock 
impinges on the buckets of a Pelton turbine of horizontal type. 
Thus there are four turbines, each having its own penstock with a 
nozzle. Each of the penstock is one mile long. The total head 
available at the centre line of nozzle is 1,668 ft. Calculate the 
velocity of the water jet issuing out of each nozzle, assuming 
co-efficient of velocity as 0'98. 
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The mean diameter of the runner of Pelton wheel is 6 ft—6| in. 
The speed ratio is 0'46. If the buckets turn the water to 165°, 
Calculate — 

a) total water powei available at the headwoiks assuming co-efficient 

of friction /=0 0 ri 8, 

b) power of each jet, 

r) hydraulic power of each tuibine if 3% of the jet watei drops 
to the tail race without doing any useful woik, 
d) BHP of the turbine is 2% of the power calculated under c) is 
lost in windage and bearing friction. 

[321 ft/sec a) 86,800 HP b) 20,150 HP c) 19,200 HP d) 18,816 BHP] 

(Delhi University — 1958) 

6.39 A Pelton turbine has a mean bucket speed of 130 ft/sec, and is 

supplied with water at the rate of 120 gallons/sec, The head of 
water behind the nozzle being 1,380 ft. If the jet is deflected by 
the buckets through 170 n , find the HP developed and the efficiency 
of the wheel. Assume (3i=0. (2,840 HP, 94*4%) (AMIE—1948) 

6.40 A Pelton wheel is to be designed to the following specifications :— 

Power—16,250 Metric HP ; Head —381 m 

Speed = 750 RPM ; Overall Efficiency —86 percent 

Jet diameter not to exceed l times the wheel diameter. 

Determine— 

a) the wheel diameter 

b) number of jets required 

and c) the diameter of the jet. (1 m ; 4; 118 mm) 

(. Rajasthan University—1957 ; Converted to metric units) 

6.41 A double overhung Pelton wheel unit is to operate a 30,000 KW 
generator under an effective head of 305 m at the base of the nozzle. 
Find the size of jet, mean diameter of runner, synchronous speed 
and specific speed of each wheel. Assume generator efficiency 93%, 
Pelton wheel efficiency 85%, co-efficient of nozzle velocity 0*97, 
speed ratio 0*46 and jet ratio 12. 

(330 mm ; 3,975 mm ; 167*67 rpm ; 19*8 metric units) 
(Punjab University — 1959A \ Converted to metric units) 

6 42 A twin jet Pelton wheel has a mean bucket circle diameter of 
1,680 mm and runs at 500 rpm. When the jets are 152*5 mm diameter, 
the available head at the nozzle is 488 m Assuming co-efficient of 
velocity for the nozzle as 0*98, outlet angle of bucket 15°, relative 
velocity of water leaving the bucket 0 88 of that of inlet ; and 
windage and mechanical losses 3% of the water horsepower 
supplied, find— 

a) the water horsepower supplied and brake horsepower, 

b) the force of one jet on the bucket, 

c) the overall efficiency. (22,740 metric HP ; 17,100 kg ; 84*7%) 

[AMI Mech E (Londl)—April 1955 ; Converted to metric units] 
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6.43 a) Obtain an expiession for the theoretical efficiency of a Pelton 
wheel when the angle of the bucket at exit makes an angle of Q 
with the direction of jet. Show by a diagram how the efficiency 
of the wheel will vary as the relation of velocity of the jet to the 
velocity of bucket is varied. 

b) A Pelton vvheel has a mean speed of 12‘2 772 /sec and is supplied 
with water at the rate of 1,370 litres per second under a head 
of 30‘5 7?2. If the buckets deflect the jet through an angle of 
160 a j find the horsepower and efficiency of the wheel. 

(528 metric HP *95*4%) 
{Punjab University — I960 S ; Converted to metric units) 
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7 1 Francis Turbine—The modern Francis water turbine is an 
inward mixed flow reaction turbine i e . the water, under pressure, enteis 
the runner from the guide vanes towards the centre in ladial direction 
and discharges out of the runner axially The Francis turbine operates 
under medium heads and also requires medium quantity of water. 
It is employed in the medium head power plants. This type of turbine 
covers a wide range of heads. Water is brought down to the turbine 
and directed to a number of stationary orifices fixed all around the 
circumference of the runner (Fig 7.1). These stationary orifices are 
commonly termed as guide vanes or wicket gales . 

A part of the head acting on the turbine is transformed into kinetic 
energy and the rest remains as pressure head. There is a difference of 
pressure between the guide vanes and the runner which is called the 
reaction pressure, and is responsible for the motion of the runner. That is 
why a Francis turbine is also known as a reaction turbine. 
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In this tui bine the piessure 
at the inlet is moie than that 
at the outlet. This means that 
the water m the tin bine must 
flow in a closed conduit. Unlike 
the Felton type, wheie the water 
strikes only a few of the lunner 
buckets at a time, in the Fiancis 
turbine the lunner is always 
full of water. The movement 
of the runner is affected by the 
change of both the potential and 
the kinetic eneigies of water 
Aftei doing its work the watei 
is dischaiged to the tail lace 
through a closed tube of gradually 
enlaigmg section. This tube is 
known as the draft tube. It 
does not allow water to fall 
fieely to the tail race level as in 
the Pel ton turbine. The free 
end of the draft tube is sub¬ 
merged deep in the tail water, 
making, thus, the entile watei 
passage, right from the head 
race upto the tail race, totally 
enclosed. 

7.2 Different Types of 
Francis Turbine—Theie are 
two main types of Francis turbine, Ug 7.1 Outline of a Tianuh luibine 
namely— 

i) Closed type, and 

u) Open flume type. 

Closed Type Francis Turbine—In this type the water is led to 
the turbine through the penstock whose end is connected to the spiral 
casing of the turbine. This spiral casing directs the water evenly to the 
guide blades (Fig 7.1 and 7.2). The water then passes through the 
runnel and finally goes to the tail race through the draft tube. The 
closed type Francis turbine may be of two types, horizontal or vertical. 
The honzontal type is used for medium and high heads and the vertical 
type for medium and low heads. The large units are, however, mostly 
of the vertical type. 

Open Flume Type Francis Turbine—In the open flume type 
Francis turbine a concrete chamber replaces the spiral casing (see "Fig 7.3). 
This type of turbine is used for heads upto 20 to 30 ft (or 6 to 9 m). 
In many powei plants Kaplan turbine is fast replacing this type of 
turbine. 

They are, however, still employed where the quantity of water is 
small and the fluctuation in head is more. The turbine is surrounded by 
water. The guide vanes are adjusted by means of a mechanism, also, 
submerged in water. As the heads are low, the mechanical stresses in 
the levers and links are also less. The modern tendency is towards 
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Fig 7.2 Medium Head* Vertical Francis Turbine for Niagara Falls Developing 
7U,000 HP at 213 ft Head (Manufactured by All is-Chambers Mfg Go Ltd, USA) 



Fig 7*3 Open Flume, Vertical Francis Turbine Layout (Manufacturers : Gilbeit 
Gilkes & Gordon Ltd, UK.) 


reaction turbines 
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equipping the turbine with an external regulating mechanism. In case 
of a horizontal turbine that shaft is carried through a gland in the 
chamber wall. The guide vanes, the runner etc, which are submeiged in 
water are on one side of the masonry wall. On the other side is the 
bearing and electric generator. As the bearing is out of water it is easily 
accessible. The vertical type open flume turbine is submerged in water 
through a vertical shaft, and the bearing which is fixed on a masonry 
structure carries the full turbine loach The generator is, generally, 
connected horizontally through gears, as it must run at a higher speed 
than the turbine. 

Multiple Turbine—-If the generator is to be directly coupled to 
the turbine, it must run at a higher speed. With smaller heads and more 
quantity of water (open flume type) the required speed is achieved by 
making a twin or triple turbine, i.e., a turbine having Uvo or three 
runners. These runners are keyed to a common shaft and discharge 
water in a common draft tube. 

This arrangement reduces the cost of the generator but the cost of 
the turbine is increased. On the other hand the axial thrust on the 
bearing is balanced to a certain extent and the bearing can thus be made 
cheaper. Most of the multiple turbines are horizontal. In case of 
vertical multiple turbines less space is required, but on the other hand 
the installation becomes complicated and the lowest turbine runner lies 
much deeper in water. 

Main Components of Francis Turbine 

7.3 Spiral Casing or Scroll Casing (Fig 7.4)—To avoid lo^ of 
efficiency, the flow of water from the penstock to the runner should be 
such that it will not form eddies. In order to distribute the water 
around the guide ring evenly, the scjoII casing is designed with a cioss- 
sectional area i educing uniformly around the circumference, maximum 
at the entrance and nearly zero at the tip. This gives a spiral shape 
and hence the casing is named as spiral casing. In the case of big units, 
the inside circumference of casing has stay vanes each directing the water 
to the guide vanes, The position of the inlet to the spiral casing depends 



Fig 7.4 Spiral Casing Manufactured by Escher Wyss, has an Inlet Diameter of 15J ft 
for Sungari Turbines (Manchuria), each developing 1,15,000 HP, 
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on the diiection of water flowing out of the penstock which may vary 
according to the site. The spiral casings aie provided with inspection 
holes and also with piessure gauge connections. If the spiral casing 
has to be quite large, it is made in parts for ease in transport. The spiral 
casings for vertical reaction turbines are partly oi completely grounded 
in. In such cases the runner is not easily accessible and the dismant¬ 
ling is not so easy as in horizontal type turbine, 

The material of scroll casing depends upon the heads which is as 
follows— 

Concrete without steel plate lining—upto about 100 ft (or 30 m) 

Welded rolled steel plate —upto about 300 ft (or 90 m) 

Cast steel —more than 300 ft (or 90 ni) 

7,4 Guide Mechanism (Fig 7.1)—The guide vanes or wicket 
gates, as they are sometimes called, are fixed between two rings in the 
foim of a wheel, known as guide wheel. The guide vanes have a cioss- 
section known as aerofoil section. This particular cioss-section allows 
water to pass over them without forming eddies. Each guide vane can 
rotate about its pivot centre which is connected to the iegulating ring by 
means of a link and a lever. The ring is connected to the regulating shaft 
by means of regulating rods, generally, two in number. By rotating the 
regulating shaft the guide vanes can be closed or opened thus allowing a 
variable quantity of w T ater according to the needs. The regulating shaft is 
operated by means of a governor whose function is to keep the speed 
of the turbine constant at varying loads. With a decrease in load the 
speed of the turbine always tends to increase. To bring the speed back to 
the rated value, the governor is used to reduce the guide vane opening 
thereby allowing less water to strike the runner. The guide vanes are 
generally made of cast steel. 



Fig 7.5 Model (1 : 7’56 of Francis Turbine Runner 
for Bhakra Dam Power House, Manufactured by 
Hitachi Ltd, Tokyo, Japan. 


7-5 Runner and Tur¬ 
bine Main Shaft (See Fig 
7.5)—The flow in the run¬ 
ner of a modern Francis 
turbine is not purely radial 
but a combination of radial 
and axial. The flow is 
inward, that is, from the 
periphery towards the 
centre. The height of the 
runner depends upon the 
specific speed. The high 
specific speed runner is 
higher than the one which 
has a low specific speed 
because the former has to 
work with a large amount 
of water'. The runners may 
be classified as i) slow; 
ii) medium and Hi) fast 
depending upon the specific 
speed (see Art 5.15), The 
runner may be cast in 
one piece or may be 
made of separate steel 
plates welded together. The 
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runneis are made of cast iron for small output, cast steel for Jaige output 
and stainless steel or a non-ferrous metal like bioze, when the water 
is chemically impure and there is danger of corrosion. The runnel 
blades should be carefully finished. Francis runneis as large as 
18 ft— lOi in. (or 5*75 m) in diameter (for Drieprostrio—USSR) have been 
manufactured so far. 

The runner is keyed to the shaft which may be vertical or 
horizontal. The turbine is accordingly specified as vertical or horizontal 
type. 

The shaft is generally made of steel and is forged. It is provided 
with a collar for transmitting the axial thrust to the bearing. 

The turbine is generally provided with one bearing (Fig 7.2). 
In vertical type the bearing carries full runner load and acts as thrust- 
cutn-supporting bearing. Right selection of bearing is, therefore, extremely 
important. The lubrication of the thrust bearing also plays an important 
part in the running of the turbine. For this purpose an oil pump driven 
by the main turbine shaft is geneially employed. 

7.6 Draft tube (Fig 7.1 and 7.2)—The water after doing work 
on the runner passes on the tail race through a draft tube which 
is a riveted steel plate pipe or a concrete tunnel, its cross-section 
gradually increasing towards the outlet. Thus draft tube is a conduit 
which connects the runner exit to the tail race. The tube should be 
drowned—approximately 3 ft (or one metre) below the lowest tail race 
level. The functions of the draft tube are as follows :— 

i) If the water is discharged freely from the runner, the turbine 
will work under a head equal to the height of the head race water-level 
above the runner outlet. If an airtight draft tube connects the runner 
to the tail race, workable head is increased by an amount equal to the 
height of the runner outlet above the tail race. 

The draft tube will, thus, permit a negative (suction) head to be 
established at the runner outlet thus making it possible to install the 
turbine above the tail race without loss of head. This can be explained 
as follow?—' 

The pressure in the draft tube at the tail race level is atmospheric. 
If the cross-section of draft tube is kept uniform, the pressure at the 
runner outlet is equal to the atmospheric pressure minus the height of 
runner outlet above the tail race level. The available head, measured 
from head race level to the discharge side of the turbine, is thus the 
same as if the turbine were erected at tail race level and discharged under 
atmospheric pressure. 

ii) The water leaving the runner still possesses a high velocity and 
this kinetic energy would be lost if it is discharged freely as in a Felton 
turbine. By employing a draft tube of increasing cross-sectiop, the 
enclosed conduit is extended up to the outlet end of the ;tube and 
discharge takes place at a much reduced velocity thus resulting in a gain 
of kinetic head. This increases the negative pressure head at turbine 
runner exit, with which the net working head on the turbine increases. 
With the increase in net working head the turbine output will alsq 
increase, thus raising the efficiency of tqrbine* 
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7 7 Different Types of Draft Tubes—The draft tube is an 
integral part of a leaction turbine. The velocity energy of water at 
runner exit is 3 to 15% of the net working head in case of Francis 
turbinesj depending upon the specific speed. As the specific speed 
increases, the value of velocity energy at the runner exit rises and it 
will be nearly 45% in case of a Kaplan turbines. Hence for high specific 
Francis turbine as well as for Kaplan turbine* the second function of 
draft tube, described in Art, 7 6, ie. recovery of kinetic energy at 
discharge, is more important. Therefore great attention is paid to 
the shape of draft tube especially meant for high specific speed turbines. 

The following are some types of draft tubes, employed in the 
field :— 

a) Straight Divergent Tube (Fig. 7.6a)— 
The shape of this tube is that of a frustrum 
of a cone. It is employed for low specific 
speed* vertical shaft Francis turbine. The 
maximum cone angle is 8° (or a —4°). 
Experiments have shown that if this angle 
is greater than 8°, the water detaches 
away from the inner wall of the tube 
while flowing downwards, forming vortices 
and causing loss of head. The tube 
must discharge sufficiently low under tail 
water level. The maximum efficiency 
which this type of draft tube can yield 
is 90%, because the kinetic head to be 
recovered is less. This type of Draft tube 
improves speed regulation on falling load, 

b) Moody Spreading Tube or ‘ f Hydra- 
cane” (Fig 7.6A)—It has a solid core in 
the entire bottom central portion of tube, 
which spreads the flow on the exit side. 
The central cone arrangement is made 
to reduce the whirl action of discharging 
water which may be developed due to 
the high velocity of water at runner exit 
and which is likely to cause eddy losses. The efficiency of such a draft 
tube is about 85%. 

c) Simple Elbow Tube (Fig 7.6a)—In order to keep down the cost 
of excavation, particularly in rock, the vertical length of the draft tube 
should be minimum. Since the draft tube exit diameter should be as 
large as possible to recover the kinetic head and at the same time the 
maximum value of the cone angle is fixed, the draft tube must be benfe 
to keep its definite length. Simple elbow type draft tube will serve such 
a purpose. Its efficiency is, however, low, about 60%. 

d) Elbow Type with a Circular Inlet and a Rectangular Outlet Section (Fig 
7,6i)—This type of draft tube has been designed to turn the water from 
the vertical to the horizontal direction with a minimum depth of excava¬ 
tion and at the same time having a high efficiency. The transition from 
a circular section in the vertical leg to a rectangular section in the hori¬ 
zontal leg takes place in the bend. The horizontal portion of the draft 




Fig 7 6 Different tvpes of 
Draft Tubes 

a) Straight Diverging Tube 

h) Moody Spreading Tube or 
< 'Hvdracone J,J 

c) Simple Elbow Tube 

d) Elbow Tube having Cir¬ 
cular Cross-section at Inlet 
but Rectangular at Outlet 
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tube is generally inclined upwards to lead the watei gradually to 
the level of the tail race and to prevent entry of air from the exit 
end. The exit end of the tube must be totally immersed in water 

In order to avoid any whirl component of velocity of waier at 
runner exit, one or two piers aie constructed in the bend of the draft 
tube. Such piers behave similar to the Central core of Moody’s spreading 
tube, described above. Fig 7 7 (a) and ( b ) show the single and double 
pier elbow type draft tubes. 




Fig 7.7 Elbow Type Draft Tube 

a) Single Pier Type 

b ) Double Pier Type 

7,8 Notable Francis Turbine Installations of the World— 

The most powerful Francis turbine in the world is being manufactured 
by NOHAB (Sweden) for Furnas Power House, Brazil, which will develop 
225,000 HP at a net head of 98*7 m (323 ft— 11 in.). The power house 
will be equipped with four such turbines. So far the most powerful Francis 
turbine also manufactured by NOHAB (Sweden), is installed at 
Stornorrfors Power Station, Sweden, developing 2,00,000 HP under a 
net head of 75 m (246 ft). 

The most powerful Francis turbine in USA to date is installed at 
Grand Coulee, Washington (USA), which develops 165,000 HP at 330 
ft head and 120 rpm. There are 18 such turbines in the power house. 
Still bigger turbine is installed at Shasta Dam (USA), which is rated 
at 187,000 HP at 475 ft head and 138*5 rpm, but it -does not give its 
maximqm output as it is coupled to a low-capacity generator developing 
75,000 KW. 

The Francis turbine installed at Bortla—Orgues (France), develops 
158,000 BHP at 366 ft head and 187*5 rpm, and has been manufactured 
by Charmilles (Switzerland). 

The powerful Francis turbine in Japan is at Suhio and Julu, 
manufactured by a Japanese Firm, generates 145,000 HP at 250 ft head. 
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7.9 SOME FRANCIS TURBINE 


S. No. 

Scheme 

[ 

Site of Power 
House 

I 

Source of Water 

i 

i 

1 

Bhakra Dam Project 

Bhakra (8 miles 

’ Sutlej River 

! (Punjab) 

from Nangal Riy, 
Station) 

(Bhakra Dam) 

1 

2 

Ranbir Canal Scheme 
(Jammu & Kashmir) 

Satvvari (near 
Jammu where 
River Tawi & 
Ranbir Crosses) 

| Chen a r River 

3 

Ginderbal Hydro-Station 
(Jammu & Kashmir) 

Ginderbal (13 miles 
from Srinagar) 

Sind River 

4 

Udhampur 
(Jammu & Kashmir) 

Udhampur (42 
miles from Jammu) 

Tawi Uanal 

[ 

i 

5 

Htrakud Dam Project I 

Hirakud 

| Mahanadi 


(Orissa) 

(7 miles from 
Sambalpur) 

(Hirakud Dam) 

6 

Damodar Valley Corp- 

Tilaya (District 

Barakar River’ 

i 

(DVC), West Bengal & 
Bihar 

Hazaribagh, Bihar, 
nearest Railway 
Station Kodarma) 

(Tilaya Dam) 

7 

Mayurakshi Project 
(West Bengal & Bihar) 
(Seasonal Power Project 
linked with DVC grid) 

Messanjar (Dist. 
Santhal Parganas) 
Bihar 

Mayurakshi River 

8 

Gokak Hydro Electric 

Gokak (Dist 

Gokakprabha 


Scheme (Bombay) 

Belgaum) 

River 

9 

Chambal Hydro-Electric 
Scheme (Rajasthan) 

Gandhisagar 

Chambal River 

10 j 

Tungabhadra Hydro- 
Electric Scheme 

a) Tungabhadra ; 
Dam 

Tungabhadra 


(Andhra) 

b) Hampi 

Tungabhadra 

11 

Machkund Hydro- 

Machkund (125 

Machkund River 


Electric Project 
(Andhra) 

miles from 
Vizagapatum) 

(Duduma Dam) 

12 

Cauvery Hydro-Electric 
Scheme (Mysore) 1 

Sivasamudram 
(40 miles from 
Mysore) 

Cauvery River 

13 

Cauvery-Metlur Project 

Mettur (District 

Cauvery River 


(Madras) 

Salem) (Madras) 

(Mettur Dam) 

14 ' 

i Periyar Hydro-Electric 

1 Scheme (Madras) 

Periyar 

1 

Periyar 

15 

Kerala Govt 

Peringal Kutha 

Chalakudy River 

16 

Kerala Govt 

1 

i 

i 

Neriamangalam 

Tailwaters of 
Sengulum Sc 
Penniar 

17 

i Upper Sileru Hydro- 
Electric Project (1st 
Stage)—Andhra 

Upper Sileru 

Sileru River at 
Guntavada Dam 

18 

» Rihand Dam Project 

5 (U.P.) 

(Mirpapur Rly. 
Stn.) Rihand 

Rihand Dam 
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INSTALLATIONS IN INDIA 



C-i S * 

Turbine Specifications 

Manufacturers 

° B 

P<?wer 

HP 

f Dis- 

Head charge 

: Speed 

^ Vertical 


or Supplieis 

h- 

3 j 
1 ! 

each 

1 It 

i 

cusecs 

each 

rpm 

OI 

Horizontal 

I 

i 

] 

Hitachi (Japan) 

f 5 j 

1,50,000 

! 400 

, 3,610 

1667 

Vertical 


— 

4 

( 

i 

700 

26 

—* 

300 

Horizontal 

i 

1 

1 

Escher Wyss 

1 

3 

4,365 

l 

i 137 m 2760 

1 

1,000 

Horizontal 

1 


I 

1 

| 

lit/sec 



! 

V oith 

2 

490 

' 190 

27 

1,000 

Horizontal 


Vo i th 

2 

32,000 

75 

[ , 4,500 

__ 

Vertical 

__ 



(74 to 







120) 





— 

2 

2,500 

49 to 

1 - 

250 

Vertical 

£i=20 



1 

77 




£,= 15 

JV; =487 



2,500 





rpm 

i 

2 






a) — 

3 

900 

200 





b) - | 

1 

1,500 

-- 

— 

— 

— 

_ 

Voith 

3 

34,000 

150 

— 

— 

— 

1 — 

a) Escher Wyss 

1 

680 

88 

— 

1 _ 

— 

— 

b) Gharmilles'' 

2 

' 12,500 - 

no 

< 1,100 

214 

1 

Vertical 1 

_ 

a) Morgan Smith 

3 

25,000 | 

850 

250 

600 

Vertical 

— 

b) Voith 

3 

36,000 

840 


— 

Vertical 

— 

a) Boving 

4 

9,000 

405 

_ 

375 

Horizontal 

_ 

b) Boving 

5 

5,600 

— 

— 

600 

Horizontal 

— 

r) Escher Wyss 

1 

5,600 

— 

— 

600 

Horizontal 


English Electric 

4 1 

4,000 to 

60 to 

-* 

250 

Horizontal 

D t = 63‘5" 



16,000 

160 

* 



£,=20 
^i=12 ft 2 

Voith 

l 

3 

50,000 

1,225 

400 

750 

Vertical , 

7V,=21'1 

Charmihes 

4 

1.3,500 , 

595 

__ 

600 

Vertical 


Charmilles I 

I 

3 

23,000 

650 

— 

600 

Vertical j 

1 

— 

1 

i 

Under construction 

2 

| 

95,000 

310 

700 

— 

~~ t 

i 

— 

i 

English Electric | 

5 j 

77,000 i 

225 

— 

150 

1 

Vertical j 

— 
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The hydcl station at Sungari River (Manchuria) has eight Francis 
turbines, each developing 1,15,000 HP under a head of 170 to 220 ft. 

The highest head used so far for a Francis turbine is 1,780 ft. This 
turbine, manufactured by Kvaerner Burg, Oslo, is in operation at Hemsil 
(Norway), developing 50,000 HP at 750 rpm. Next highest head 
turbine, manufactured by Escher Wyss, is installed at Fionnay (Switzer¬ 
land) developing 63,200 HP under a head of 1490 ft at 750 rpm. For 
Sharavati Valley Project (Mysore) Francis turbine working under 1500 ft 
head are under consideration. 


7.10 Power - Brake horse power and available power of Francis 
turbine are ,determined by methods similar to those adopted for Pelton 
turbine (See Art 6.10). 

Problem ,7.1 The source of a hydro-electric plant is a stream whose 
discharge varies with the season. The rainy season lasts for 3 months and 
gives an average discharge of 420 cusecs to the stream. For the rest of the 
year the discharge is 110 cusecs. A reservoir is built such that the whole 
of the discharge could be utilised at a uniform rate. The mean reservoir 
level is 650 ft above the turbine level. The power house has three turbines 
whose inlets are connected to the reservoir by means of three pipe lines, 
each 4,200 ft long. The head loss due to friction in each of these pipes 
is 3 per cent of the gross head. The overall efficiency of each of the 
turbines is 87%. Assume /= 0’005, 

Determine (a) the capacity of the reservoir, (b) the diameter of the 
pipes and (c) the BHP output of the station. 


Solution 

a) Average discharge during rainy season for three months 

—420 cusecs 

Average discharge during dry season for nine months 

= 110 cusecs 

A Total discharge for the year= (420x3) + (110 x 9) = 2,250 cusecs 

2 250 

Average discharge for one month=—=- = 187'5 cusecs 


b) 


The reservoir receives the water during the rainy season only 
and at the same time a discharge of 187'5 cusecs is utilised by 
the power station. 

Discharge going to the reservoir-=420 —187’5^ 232’5 cusecs 

Hence the capacity of reservoir=232*5 X 3 X 30J X 24 X 3,600 cu ft 
(Assuming average number of days of a month=30J) 
= 183 X 10 7 cu ft 
183 XlO 7 

= 43,560 acresft 

=42,000 acres ft Answer 
Gross head=650 ft 

Head lost due to friction, H r =650 X 0*03= 19*5 ft 


but H r 


Af.L 

d 



where dia of pipe 

£=Length of pipe 
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f _ g_ 

2 g . d V tc ,, 
— d 2 



4/. L . Q,» 

2* x (-£-)* 


where Q^=quantity of water flowing through each pipe 
187*5 

— —-— = 52 5 cusecs 
o 

4x0*005x4,200x62*5x62*5 
“ iy ‘ 5 - 64*4 x 0*785 x 0*785 Xd 6 

or d=\J&A 

= 3‘35 ft Answer 


c) The BHP output of the station — 

Q-H 


BHP= 


550 


*}i 


62‘4x 187*5X (650-19 5)x0‘87 
550 

11,700 BHP Answer 


Design of Component Parts of Francis Turbine 



7,11 Spiral Casing - The outer curve of the 
spiral casing is of the form of an archimcdean spiral 
(See Fig 7 8). 

If the inlet diameter and velocity be d t and v x 
respectively, quantity of water flowing per second, 

a.-v { . ^ . d<* ...(7.i) 


also Vi cc V 2g H 

=K Vi . V2^7T 

The maximum value of v t is about 30 ft/sec (or 10 mj sec) 

The inlet diameter d { should be less than but may be equal to 
penstock diameter. 

TABLE 7.1 

Practical Data for K v 


K n 

0 2 

0" 15 


H 

\ 

75 

1,500 

i--— 

ft 


25 ... . 

500 

m 

X. 

High 

Low 
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At any angle 9 (See Fig 7 8) 

Radius R 0 — R t + -g— • 

^ n 

Quantity ofwatei flowing Q,= 


...(7,2) 

...(7,3) 


A full spital is geneially lecommended fot high head tuibme and 
semi-spiral for low head installation. 

7 12 Guide Vanes— 

Guide Vanes have an aeio- 
foil section to enable stream 
line flow (See Fig 7.9). 



Tig 7.9 Guide Vanes and Guide Wheel 
60 . K Uo \/2g H 
" 7T . jV 


a) Diameter—Let jD 0 
be the diametei, measuied 
up to the trailing edge of 
the guide vane, then tan¬ 
gential velocity, 




% . D 0 . jV* 
*60 


Here ti 0 is a hypotheti¬ 
cal velocity assumed for the 
sake of convenience in the 
calculation of D 0 . Actually 
guide vanes are not moving, 


Since u 0 =K tt 
where K u 


V2gH 

0 7 to 1 ’34 

increasing with 
specific speed 

(See Fig 7.24) 


i % . D 0 . jV 

also u a =-- 7 r-- 

60 


D*—— 


.. (7.4) 


£>) Depth or Height—Let the depth of a guide vane be B 0 . Then, 
if the radial velocity at outlet be v lH(} , neglecting the thickness of ti ailing 

edge, 

Area across flow = tc . D 0 . B 0 
and discharge . D 0 . B 0 . v m 

o 

• D 0 . B 0 . K v . ■\/2gH 

where K Vin increases from O'15 to 0 35 with increase in specific speed 
(See Fig 7.24). 
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Finally, B 0 


_GL„ 

7C ■ J D 0 * 7T, 


rc ■ D 0 . A ljl>o .V2 gH 

c) Length—Length of the guide vane, L 0 ~0 3 D a 

d) Number of Guide Vanes—The number of guide vanes Zo 
depends on the diameter D 0 and is usually from 8 to 24. The guide 
vanes should be-even in number so that the guide wheel can be divided 
evenly for ease in manufacture and transport when it is veiy large. 

The following table will give the number of guide vanes for all 
types of reaction turbines. 

TABLE 7.2 

Practical Data for Zo 
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7.13 Francis Runner —Inlet diameter D± is shown in Fig 7.10 
up to the end of crown. Sometimes it is measured up to the centre 
of the entrance edge of runner blade. 


In any case, 


Ui=TC Tj“ and Ui=Ku ' ■ V2gH 


where K u varies from 0‘62 to 0*82 increasing with specific speed 


(See Fig 7.24) 




60 . K Ul . s/2g H 


tc . JV 


...(7.16) 


Outlet diameter D 2 (See Fig 7.11) 



Fig 7.1 I Construction of Francis 
Runner Outlines 


Radius of curvature of crown 



When D 1} Z) 2 and are fixed, length 
of crown can be calculated and length 
b of band is 0*7 to 0*75 times a. The 
entrance edge is a potential line, and 
suitable curvature can be given to the 
discharge edge (See Fig 7.11). 


Thickness of Runner Blades varies from £ inch to 1 inch 
depending on D 0 . 

Number of Runner Blades ^—^o+l to avoid the synchronous 
effect. 

7.14 Shape of Francis Runner and Evolution of Kaplan 
Runner —The exact shape of the Francis runner depends on its specific 
speed. It is obvious from the equation for specific speed (Eqn 3.39) that 
higher specific speed means lower head. This requires that the runner 
should admit a comparatively large quantity of water. This can be done 
by increasing either 

i) Ratio 


or ii) non-dimensional factor K v 


l o V2gH 


In the first case the height of guide vanes B 0 and correspondingly 
the height of runner should increase while in the second case v mo , the 

radial velocity of flow through the guide vanes should increase. 

Fig 7.12 shows in stages the change in the shape of Francis runner 
with variation of specific speed (see also Fig 5.6). The first three types 
have, in order, the slow, the normal and the fast runners. Flow of water 
through the runner is radial at entrance but more or less axial at exit. 
As the specific speed increases, discharge becomes more and more axial. 
Fourth- type [See Fig 7.12 (</)] is the high specific speed Francis runner, 
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better knjwn as Dubs runner. Here the water enters diagonally and the 
discharge is almost entirely axial. If the band of a Dubs runner is 
removed, it appears like a propeller type runner. In the strictly propeller 
tvpe runner, number of blades is less and flow is throughout purely 
axial. 

Fig 7.12 0) shows such a runner. It is designated Kaplan runner 
after Kaplan who first designed this type of turbine runner. 

By drawing the inlet velocity triangle for each of the five runners 
shown in Fig 7.12 it is seen that lessening of head and increase in specific 
speed are accompanied with a reduction of inlet velocity v x of water. 
But the radial velocity v m± increases letting in a large amount of water. 



U.L 6ARANCE 




o) SLOVJ FRANCIS RUNNER 



*b) NORMAL FRANCIS RUNNER 





Vm t 


Fig 7.12 Change in the Shape of Francis Runner and its Inlet Velocity 
ij Triangleshvilh the Variation of Specific Speed 

The values of N s> K u a* and for each of the runners are given 

below. 
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a) Slow Runner . 

.Y t =13'5 to 27 British Units (or 60 to 120 Metric Units) 
a 1 =lj° to 25° p^O 0 to 120° 


K u = 0-62 to 0-68 


D, ""25 30 


Value of fii being more than 90°, course of water in the runner is 
sharply curved and this implies that blades have a similar curvature. 

b ) Normal Runner : 

V*—27 to 40*5 British Units (or 120 to 180 Metric Units) 
25° to 32i° pi=^90° 

A',, -0-68,0 0'72 §(--§- l ° T 

c ) Fast Runner : 

,\‘ t =40'5 to 67 - 5 British Units (01 180 to 300 Metric Units) 
a 1 =32£° to 37^° 60° to 90° 


^• Ui =0-72 to 0'76 


Bo II 

dTT t0 T 


d) Dubs Rutmer : 

JV“ 3 = 63 to 117 British Units (or 280 to 525 Metric Units) 
^-37*° to40° (3 1 =45* to 60° 

ff Ui =0-46to0'76 - 


e) Kaplan Runner : 

JVj — 67'5 to 225 British Units (or 300 to 1,000 Metric Units) 
a i<90° p t <90° 

K v ^ =1‘2 to 2‘4 (i.e. more than one) 

Outlet Velocity Triangle for each 

of these"five runners is more or less similar 

and is shown in Fig 7.13. 

90° for Francis Runners 

a 2 «90° for Kaplan Runners 
Fig 7,13 Outlet Velocity Tuangle „ * , 

for all Reaction -(Francis as well -as 
Kaplan) Runneis / 

N / 

7,15 Draft Tube Theory—If has been observed earlier that the 
steadily increasing cross-sectional area of the draft tube causes a large 
portion of the kinetic head lo be converted to pressure head as the water 
approaches the tail race. 

Thus gain in head-is ’ 1 * ’ ■» 1 1 

»$* H* ( , V , . . . 

2ff~2f == l l ~\T z ) j • 2g~ ( ne S lect,n S frictional loss) 
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out \ = r 2i 

v_5iZ_Ct i 


Where z/ 2 > -^2 and z> 3 , d 3 are the velocities ; gu ide vane 

and aieas at the points (2) and (3) lespectively I L /<^ UNN£B 

(See F.g 7.14). 1-1 / 0/ > 

DRAUGHT \ /CD-r T- 

Had theie been no draft tube, the TUBE x j- ■ I 
s a f I x/ H s 

Jdnetic head — would have been entnely 0UT = _-1 ^ 

lost. Kinetic head thus saved by the draft N *—L - 

tube adds to the effective head of the turbine. /° ATUM LINE _h_ 

(See Eqn 7.7). X 

I lg 7 It Di aft Tube Theoiy 

The other function of the draft tube is to permit a negative (suction) 
head to be established at the runner outlet (point 2 in Fig 7.14)* which 
can be proved as follows : 

a) Neglecting frictional loss in the draft tube and applying 
Bernoulli’s Theorem between points (2) and (3) 


/Datum line 


A . 

^r + 2 7 + ^ 


■A+£+* 

w 2 g 

p 2 s —y 3 3 


nr fit fit f. »2 S — y 3 3 

01 w = w ^" a) 2 T~ 

But —=—-f-A 3 

JJU w 

■ fit fit (. - h \ 

w w a '~ 3 3 2? 

But (Height of runner outlet above tail race level) 


■ K-h. f f r \ v * V A 

’• a; “a, 2 g J 

Where H s =static suction head 

V ^_ 

and “-— dynamic suction head 


...(7.7) 


Minimum value of — is the vapour pressure at the working tem¬ 
perature. This can be obtained fiom the following table : 

TABLE 7.3 

Vapour Pressure Function of Temperature 


Temperature 

32 

50 

! 75 

100 

112 

°F 

Vapour Pressure H v 

0-2 

! 0-4 

i 

1 

f 

2-1 

3 

ft of 
water 

Temperature 

0 

! 

10 

20 

i 

30 

40 

1 100 

1 

°G 

Vapour Pressure, H v 

! ' ' 

0'06 | 

' 

1 

0T3 

0 024 

0'43 

0 75 

! 

T 

0’91 

m of 
water 
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Pressure p 2 should not be below vapour pressure, otherwise the 
vapours will be formed causing cavitation, p a and p 2 are thus fixed. If 
,s more, H s must be small. In Older to keep the suction head under 
the cavitation limit, vertical distance between the runnel outlet and 
tail race level must be reduced as the elevation above sea-level increases, 
H s may be negative in which case the runner obviously would be placed 
below the tail race level 


Considenng loss of head hf due to friction in the draft tube and 
applying Bernoulli’s Theorem between points (2) and (3), 


~+2? + * 3 =w + 2g +Zi ' 


w 


s--( Zr 

w w 




2 & 


+A/ 


Now 

and hf is generally expressed as function of dynamic suction head. 


or 


hf=L . 


2 9 


% \ Substituting the values of H s and hf 


IV w \ 


ft+(l-A) 


^ 2 - 


2 g 


.. (7.8) 


Comparing Eqn 7.7 and 7.3, it is seen that with the loss of head 
h f} which always occurs in practice, the value of pressure p 2 increases, 
thus reducing the danger of cavitation in case of a turbine, but increasing 
the danger of cavitation in a centrifugal pump. 


Put 1 — A=y]<i, the draft tube efficiency 


P* P» 


w w 



V 2 2 ~V 3 2 

2 g~ 


) 


,. (7.8a) 


Problem 7 2 A Kaplan turbine is fitted with a vertical conical 
shaped draft tube. The top and bottom diameters are equal to 24 in. 
and 36 in. respectively. The tube is running full with water flowing 
downwards, and it has a vertical height of 20 ft out of which 5 ft is 
drowned in the tail race water. Assume friction loss of head between 
the top and the bottom points as 0*3 times the kinetic head at draft tube 
exit. The velocity at exit is 5 ft per sec, Determine— 

a) the pressure head at the top point of the draft tube in ft of 
water and in lb per sq in. 

h) the total head at the same point with reference to the tail race as 
a datum, 

c) the total head at the bottom point with reference to the tail race 

as a datum, 

d) the power in the water at the top of the tube, 

e) the power in water at the bottom of the tube, 
and f) the efficiency of the draft tube. 
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Solution 


D 2 =24 in. = 2 ft 


H =0 3 . f- 
H s = 20-5=15 ft 


D 3 = 36 in. = 3 ft 
20 ft 

z> 3 =5 ft/sec 


a) Applying Bernoulli’s Theorem between points 2 and 3 (See Fig 


7.14) : 


P* ,V 3 2 _pi iy 2 3 rr 

- + 2 ^- +^-+^-^3 




)+ 03 -lr- 


fls =—x2 2 = 3 14 sq ft 
4 


j 3 —— X 3 2 = 7 06 sq ft 


fl 3- p 3_ ™6X5 ! 125 ft/sec 

<2 2 3 H 


Substituting the values— 


h \ 1 95 2 — 

— =34— 15— 4^7- + 03 x-srz 

^ 64 4 64 4 

= 34—15—1-575+0 118 

= 34— 16 457 

^ =17 543 ft of water absolute Answer 


16 457 ft of water 


or 17 543 X-r-rr~7'6 lb/sq in, absolute 
144 

69 4 

or —16-457 X — r rr = ~7‘12 lb/sq in. Answer 
144 ' 

b) Total heat at the top point— 

H,-* + £+z, 
w 2 g 

11 23 s 

= -16-457+—4 +15 

= -16'457 + l'965+15 

=0 508 ft of water Answer 
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c) Total head at the bottom point- 


-J-; n = // 2 —Htr \ 
w 2rj L U-z) 

-=Hn- 0 3 . “-=0 508 — 0 118 
2g 


= 0*39 ft of water Answer 

d) Power in the water at the top of the tube— 

i o.&.H* 62 4 x (3T4x 11*25) X 0 508 
P2 ~ 550 “ 550 

=2 03 HP Answer 


e) Power in water at the bottom of the tube — 

w.Q.H* 62 4x (3 14x 11*25) v0*39 
?3 550 ~ 550 

= 1*56 HP Answer 


f) Efficiency of draft tube— 

actual head co nverted 
theoretical head converted 

^ 2 -v_ 03x V 

= 0 , g25 


or 


2 g 

=92*5% Answer 


7.16 Cavitation—Whenever the pressure in any tuibine part 
drops below evaporation pressure, vapour formation will result. This 
vapour is trapped in the liquid in the form of bubbles. It may also 
happen that a stream of water cuts short of its path giving rise to eddies 
and vortices which may contain voids oi bubbles These bubbles 
mainly formed on account of low pressure, are earned by the stream 
to higher pressure zones where the vapours condense and the bubbles 
collapse. Since the collapsing pressure may be as high as 100 atmos¬ 
pheres, it causes pitting in the metallic surface of runner blades, draft 
tube etc. 

The phenomenon which manifests itself in the pitting of the 
metallic surfaces of turbine parts is known as Cavitation as cavities will 
appear. Turbine parts should be properly designed ill order to avoid 
cavitation. 

Besides damaging the metallic surfaces, cavitation also lowers the 
efficiency of the turbine. The blade contours are designed for a certain 
streamline pattern and when the latter alters due to pitting, the resultant 
torque produced by the flow of water is reduced, thus decreasing the 
power developed. 

From Eqn 7.8, it is seen that the cavitation depends upon— 

a) Vapour pressure which is a function of temperature of flowing 
water (See Table 7,3) 

b ) Absolute pressure or barometric pressure due to the location of 

turbine above mean sea level (See Table 7.4). , 
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c) ,Suction pi esswe H s which is the height of runner outlet above 

tail race level. ; 

d) Effective dynamic suction head and absolute velocity of water at runner 

exit 


i.e. j 



2 g 


) 


and v z respectively. 

Prof D. Thoma of Munich (Germany) suggested a cavitation 
factor a (sigma) to determine the zone where turbine can woik without 
being effected from cavitation. Its critical value is given by 

Gent yy ~ yy (7.9) 


where H b =Barometric pressuie in ft (or m) of water. 

— Hq - IJff 

H a = Aveiage atmospheric piessure in ft (or m) of water 
(See Table 7.4). 

77^=Vapour pressuie in ft (or m) of water (See Table 
7 3). 

//,== Suction pressuie head m ft (or m) of water (height 
of runner outlet above tail race), 

//= Working head of turbine in ft (or w) of water. 

fable 7.4 gives the average atmospheric piessuie which depends 
upon the altitude above sea level, 

TABLE 7.4 


Altitude vs Average Atmospheric Pressure 


Altitude 

Baiometric Pi essure 


Altitude 

Barometric Pressure 

ft 

inches of 
mercury 

ft of water 


metre 

mm of 
mercury 

metre of 
water 

0 

30 

34 


0 

760 

10-35 

1,000 

28 88 

32 73 





2,000 

27-80 

31 51 


1,000 

676 

92 

3,000 

26*76 

30 33 





4,000 

25'76 

29*19 


2,000 

595 

8-1 

5,000 

24-79 

28*09 





7,000 

22-97 

26 04 


3,000 

528 

7-2 

10,000 

20-49 

23*22 





15,000 

16 93 

i 

19 19 

*• 

4,000 

463 

6-3 
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Now cavitation factot o C rti depends upon the specific speed of the 
turbine. Table 7.5 gives these values for Francis turbine, depending on 
the experience. 


TABLE 7.5 

JV* vs a C rit (Francis Turbine) 


K 

| 

15 

20 

30 

i 

40 50 

. |__ _ 

60 

70 

80 

British 

Units 

G«rif 

0 014 

1 

0 025 

0'055 

i 

1 

0*095 0 14 

| 

! 

0-20 

0*26 

0 33 


JV, 50 1 100 

j 

150 

1 

200 | 250 

. 1_ 

i 

| 300 

1 

1 

l 350 

1 Metric 
Units 

1 1 

<j er „ 0-04 0 05 

1 ! 

0 07 

1 

0*10 

' 0 14 

i 

02 

1 

0 27 

1 



TABLE 7.6 

JV, vs OtHt (Kaplan Turbine) 



300 to 450 

1 450 to 500 

550 to 600 1 650 to 700 

700 to 800 
Metric Units 

K 

67-5 to 101 

1 

101 to 112 

123 to 135 1 146 to 157 

157 to 180 
British Units 

| 

Gcril ! 

0 35 to 0 4 0 4 to 0 45 

0 6 to 0 65 0-85 

1*05 


According to Prof Thorna, cavitation can be avoided if the values of 
cr arc not less than the critical value given above. Thus the deciding 
factors in the selection of reaction turbines are specific speed JV S and the 
cavitation factor a. Prof F, H. Roger* (USA) suggested the following 
empirical relation for Francis turbines: 

a cr „ = 0-625 . (-J^-)* ..(7.10) 

The maximum permissible specific speed (British Units) can thus 
be calculated : 

*- 100 ■ V-jgr •••<*•■» 

-126-5 . fJ-Si J-’ ...(7.11a) 

A similar relation has been suggested for propeller turbines : 

Ofrfi^O’S-pO* 14 ) 5 where jV, is in British Units, ..(7.12) 


*See Proceedings of the American Sodetv of Civil Engineers, Dec 1937. 
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For Kaplan turbine a cnt is 10% higher than for a similar propeller 
turbine. 

Problem 7.3 A 16,000 HP reaction water turbine has an effective 
head of 81 ft. The runner is 10 ft above the tail race. The turbine 
is installed at an elevation of 1,000 ft above sea level where the barometric 
head is 31 '6 ft of water. The temperature of water is 80°F The following 
table gives values of the plant sigma a (Thoma’s Cavitation factor) 
against specific speed. The turbine is coupled to a 50 cycles alternator. 
Calculate the synchronous speed of the turbine. 


a 

0'05 

■ 

010 

0 16 

1 0 228 

N, 

30 

40 1 

50 

60 

1 


(UPS C—Jan 1953) 


Solution 

P*« 16,000 BHP 81 ft 

10 ft tf*=3T6ft 


(Assume the barometric pressure H b at 1,000 ft altitude and at 
80°P=3T6 ft of water) 


Thoma’s Cavitation factor o = 


H b -Ht 


The value of specific speed, N s 
corresponding to above a is found from 
the curve (See Fig 7.15) drawn with the 
help of the given table. Thus 5. 

It is clean from the curve (See Fig 7.15) 
that if N s > 65, then cavitation will 
appear. 


Now N s — 


N. \/Pt 

5 

H * 


or 


or 


N. V 16,000 


65 ~ 81x3 

JV=125 RPM 


H 


3P6-10 
81 


=0'267 



Assuming p> the number of pair of poles for the alternator=24, 
the synchronous speed can be found with the help of equation given in 
Art 6.14. 

Thus /= ...(Eqn 6.9) 

or 50x 60=p . jV 

or jV=- 0 f ^ 0 =125 RPM Anmer 

24 

which is the same as found out with the hc% of specific speed, 






196 


HYDRAULIC MACHINES 


7.17 Methods to Avoid Cavitation— 


d) Installation of Turbine Below Tail Race Level-Fiom 
Eqns 7.8 and 7.9 it is clear that if the value of H s is less, the pressuic 
/n and z will increase, which means the turbine may work in a safe 
zone. In case of high specific speed turbines such as Kaplan turbine, 
runner exit velocity < > is very high which increases the value, of 


expression 



in Eqn 7.8 and lowers the value of pressure j£h, thus 


bringing the cavitation zone nearer. In order to keep p A within cavitation 
limits, the value of H s is made negative which means the runner is instal¬ 
led below the tail race level. For such installations the tuibine remains 
always under water. Therefore when any repair or inspection of turbines 
is carried out, the water has to be pumped out by closing the passages. 
This is a disadvantage, because it is quite costly to pump the water out 
and also it requires considerable time. It is, therefoie, advisable to 
avoid installation of the turbine below tail race level. 


b) Cavitation-Free Runner of Reaction Turbine—The above 
method being very costly, the modern trend is to develop a cavitation- 
free runner It can be made after a thorough research. 

The experiments are carried out on model turbine runner in a 
laboratory, because theoretical calculations merely do not help. A few 
suitable blade angles, blade lengths etc are tried for a particular runner 
and finally the best values are adopted. Photographs are taken by 
means of stroboscope while the experiments on turbine models are 
carried out. The parts of runner where cavitation appears, is clearly 
visible from the photographs taken. The most modern method of 
ascertaining cavitation phenomenon is by knowing the accurate pressure 
distribution along the runner blade section- This is also accomplished 
by carrying out tests on models driven by air in a wind tunnel, and run¬ 
ning it exactly in the same working conditions as the actual-size machine. 
By this method the points of low pressure are found out. The velocity 
of these points should not be more than the critical values. If these 
values fall below the critical range, the velocities are to be altered to 
avoid danger of cavitation. 

It has been found by the author while conducting research experi¬ 
ments on Kaplan turbine runner blades that if the blade profile is made 
thicker, in order to make it mechanically strong, the pressure at the 
thicker places, near the boss of runner, may fall below the evaporation 
pressure (critical pressure), thus bringing the possibility of cavitation. 
In such cases it has been felt to make the blades flatter. The cross- 
section of such blade is of air-foil shape and the pressure on both sides, 
especially on suction side is carefully tested. 

c) Use of Material —Cast iron is less resistive against cavitation, 
because it contains more carbon contents. Cast steel is better than cast 
iron. In case cast steel parts are effected by cavitation, it is possible 
to repair them by welding. Welded places can resist the cavitation 
more than ordinary surfaces. Stainless steel is the best material to avoid 
cavitation. However it is expensive, therefore, the turbine runners are 
made of cast steel and then coated with stainless steel. Where water 
is chemically impure, bronze is preferred which also resists the cavitation 
better than cast steel. The pitting in case of bronze is filled by soldering. 
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d) Use of Machining—The tin bine runner blades aie highly 
polished, as it is seen in practice that with rough surfaces, the likelihood 
of cavitation occurance is more, due to interruption of smooth and stream 
line /low. causing vortices. 

718 Selection of Speed—The empirical relations mentioned in 
Art 7.16 make it possible to predetermine jV's for given H bi H s and H. 
Also using equations 7.10 and 7.12, approximate values of specific 
speed .V 3 can be estimated. Further from the power output P t of 
the turbine can be woiked out from specific speed Eqn 3.39. Because 
the turbine is almost always directly coupled to an alternator, a 
synchronous speed (Eqn 6.9a) must be chosen. 

7.19 Runaway Speed—The runaway speed of a unbine is a 
maximum speed attained by the runner under maximum head at fjl) 
gate opening, when the external load (i e. generator) is disconnected 
from the system and the governor ceases to function. All rotating parts 
must be designed to with stand the runaway speed which varies among 
the manufactureis ’with the design of turbine and generator. The range 
of runaway speed in terms of normal runaway speed for various types 
of turbine is generally as follows— 

TABLE 7.7 

Runaway Speed (A ,) in terms of Working Speed (,'V) 


Turbine Type 


Runaway Speed 


Pelton turbine 
Francis turbine 
Kaplan turbine 


1*3 to 1-9 A 
2 to 2*2 jV 
2*5 to 3 JV 


The exact value of runaway speed of any turbine can be predicted 
from the model tests in the laboratory. R.E. Krueger in his work 
published by Bureau of Reclamation USA, has given to following 
equation to predict the runaway speed. 




, _ ( Umax 


■••(7.13) 

where 0*003 JV.+ 1-7 

JV\= specific speed (British units), 

A r ,.= runaway speed, 

maximum head not including water hummer in ft 
(or in m), 

H ~working head in ft (or in m). 


Laboratory experiments have shown that with the appearance of 
cavitation the runaway speed of reaction turbine increases, probably 
because of reduced fluid friction. In case of Kaplan turbine this effect 
is significant. The runaway speed of reaction turbine may also vary 
with the gate opening. 
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KAPLAN TURBINE 

7.20 Kaplan Turbine - The Kaplan like the Francis is a leaction 
tuibine. It operates in an entiiei) closed conduit from inlet to tail race. 
Au already explained, this tin bine is used where comparatively low head 
and laige quantity of water is available. 

All parts such as spiral casing, guide mechanism and draft tube of 
the Kaplan turbine except the mnnei are similar (See Fig 7 16) to those 

GU/DE VANE MA/M SC A OIL 



mrsR m£T 

FROM P£A/STOCK 



Fig 7.16 Outline of a Kaplan Turbine 

of Francis type. Runner has two major differences. In Francis runner, 
the water enters radially while in Kaplan type, it strikes the blades 
axially. (See Fig 7,12). Number of blades in a Francis runner is 16 to 
24 but in Kaplan it is only 3 to 6 or a tin os t B in exceptional cases. This 
reduces the contact surface with water and hence the frictional resistance. 
Kaplan blades are attached to the boss, dispensing with the band, thus 
eliminating the frictional losses likely to be caused by the latter. 
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7.22 Some Kaplan Turbine Installations in India 


SI 

No 

Scheme 

Turbine Details 

Site of 

Power House 

Source of 
Water 

"T 

Nangal— 

Two vertical Kaplan 

Two similar 

Nangal 


Bhakra 

Turbines each having 

Power Houses 

Hydel 


Project 

P t =33,500 HP, H= 98 ft, 

at Ganguwal 

Channel 


(Punjab) 

jV= 166'7 RPM, Run¬ 

and at Kotla 



away speed = 458 RPM 

£i=20, ^ 2 =6 

(7 and 14) 
miles from 





Nangal Rail- 
1 way Station 
respectively) 

Ganga 


2 

i Ganga CanaJ 

Ten stations having 

Ranipur 


Hydro- 

Kaplan Turbines with 

Pathi i, 
Bahadrabad, 

Canal 

i 

i 

Electric 

power varying from 400 



Scheme 

to 4,000 HP (Pathri —3 

Salawa, 


t 

(U P) 

Voith vertical turbines, 

Ghitaura* 



each of 9,650 HP under 

: Nirgajni, 




: 32'5 ft and Mohammed- 

Mohammed pui, 




pur —3 English Electric 

Sumeia, Paha 


, 

i 

turbines, each of 4,250 
HP, 17-4 ft head at 125 
rpm) 

and Bhola 

i i 

i 

Sarda 

3 

Sarda Hydel 

Three Vertical Kaplan 

; Khatima 


Project (U P) 

turbines each of 19,200 
HP 


Canal 

4 

Hirakud Dam 

Four vertical Kaplan 1 

Huakud 

Mahaaadi 


Project II 

Tuibines, each of 52,000 

(7 miles fiom 

(Hii akud 


(Orissa) 

HP and two Voith verti¬ 
cal turbines, each of 
36,700 HP under a head 
of 82 ft 

Sambalpur) 

Dam) 

5 

Radhanagari 

Four vertical Kaplan 

Radhanagari 

, Bhogavati 


Hydro- 

Turbines each having 

(Kolhapur) l 

River 


Electric 

P,= 1,720 HP, H= 46 to 




Scheme 

119 ft (95 ft average), 




(Bombay) 

jV=600 RPM 



6 

Nizamsagar 

Three vertical Kaplan 

Nizamsagar 

Nanjira 


Project 

Turbines each having 


River 


(Andhra) 

7,050 HP 



7 

Tungabhadra 

Two vertical Kaplan 

Tungabhadra 

Tunga- 


Hydro- 

Turbines from Hitachi 

Dam Power 

Bhadra 


Electric 

(Japan) each having 

Station 

Dam 


Scheme 

13,800 HP, W=214 



i 

(Madras) 

rpm, H— 65 ft 



8 

Panchat Hill 

One vertical Kaplan 

Panchat Hill 

Panchat 


Power Station 

turbine (Swedish make) 


Hill 


(DVG) 

! 

i 

i 

i 

Pi-56,000 HP at 81 

ft and 90,000 HP at 113 
ftD x =l7'-8\ N= 125 
rpm N r —370 rpm Zi = 24, 
^o=5 Runner weight= 


i 


t 89 tons, Turbine shaft dia 1 
i 35 5" (bore 13-5") Shaft 1 

I tit • i i or* . . _ _ i 




Fig 7.17 a) One of the Largest Kaplan Turbine of Europe at Ryburg-Schwoerstacit 

(Swiss-German Border) 

7,21 Notable Kaplan Turbines Installations of the World— 

The most powerful Kaplan turbine in the world to-date belongs to Dalis 
Power Station in USA. It develops 123,000 HP under a head of 81 ft. 
The largest Kaplan turbine of Europe is situated at Ligga (Sweden), 
developing 105,650 HP at 130 ft and 125 rpm. Fig 7.17 (a) and ( b) show 
a Kaplan turbine on the Rhine River at Ryburg-Schwoerstaclt (Swiss- 
German border). It has an outer runner diameter equal to 22^ ft and 
develops 38,700 HP working under 38’5 ft head at a speed of 75 rpm. 
One could well appreciate the size of turbine on comparing it to th$ 
size of the man standing shown in Fig 7.17 [a) and ( b ). 
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In USA the English Electnc Pnest Rapids Kaplan tuibines have 
a diametei n[ 23 ft 0 in*, each iated at 131,000 HP under head of 81 ft 
and 83'7 ipm 1 he Rock) Reacii and the Ice Haiboui tui bines which 
aie scheduled to go into opeiation in 1961 have capacities of 140,000 
and 113.000 PIP respectively. 

The laigfat Kaplan tui bine in USA at Bonneville, Oicgan (USA) 
on Columbia Ri\u. It is lated a* 66 000 PIP undei a head ot 50 ft 
running at 75 ipin. The diametei of iLs adjustable blade-iunner is 24{ ft. 

Tlie lament Kaplan turbine cf the woilcl seems to be at Vargon 
(Sweden) on Yanein Lake. This tin bine, nunufactuiM by Kailstad, is 
lated at 15,200 HP at 14’1 ft and 46’9 ipm. Its runner diameter is 26 ft. 
This tmbine lia^ a low value of a (sigma) which resulted in lou f excava¬ 
tion cost* 


When completed the Kub\«hev and Stalingiad Stations will have 
lecmd hVc units, the foimer having 20 and latei 22 Kaplan tuibines of 
identical size each lated at 105 MW (or 140,000 PIP) 68 2 ipm, 19 m 
(or 62 3 ft) head and runner diametei 9 3 m (or 30*5 ft). 


The highest head Kaplan tui bine so far installed are operating at 
Ties Maiais Hvdio Electric Powei Station, Brazil. There are two Voilli 
tuibines. each developing 90.000 BHP under a head of 164 ft, having 
runnei diameter of 15 ft and 8 blades. 



Fig 


7.18 Mechanism for Contioiling (he Blade Move¬ 
ment of Adjustable Blade Runnei 


oil pressure on eithei side, 
of a regulating rod, the 
blades. (See Fig 7.18). 

lade 


7.23 Adjustment 
of 5£aplaxa Blades— 
Kaplan runner blades 
unlike the Fiancis can 
be adjusted to vary 
passage aiea between 
the two blades. This 
can be done while the 
tui bine is in operation, 
by means of a servo¬ 
motor mechanism oper¬ 
ating inside the hollow 
coupling of tui bine and 
generator shaft, Servo¬ 
motor mechanism con¬ 
sists of a cylinder with 
a piston working under 
The piston is connected to the upper end 
up and down movement of which turns the 
Regulating rod passes through the turbine 
hollow for this purpose. Movement of this 
Motion of the regulating 


mainshaft which is ma 

rod is controlled by a governor (cf. Chapter 8). 

rod is transmitted to the blades through suitable link mechanism enclosed 
in the runner hub 


The Englesson’s Patent, first used in 1922, to house the servomotor 
in the hub itself instead of in the coupling of tui bine and generator 
shaft, has recently been modified by English Electric Go. The servomotor 
consists of a fixed piston surrounded by a mobile cylinder of small 
diameter and long stroke. The usual complicated connecting mechanism 
between the runner blade shafts and their operating levers is eliminated 
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j,v making each runnei blade and operating level as one solid casting. 
All opeiatmg levers are diiectly and simultaneously opeiated by the 
mobile senomotor cylinder. This ari angement ofTeis easy accessibility 
to the seivomotor without lesorting to majoi dismantling. 

7 24 Propeller Turbine—Kaplan tuibine is just a piopeller 
tmbine with adjustable blades. Hie oidinaiy piopellei tui bine with 
fixed blades though economical can only woik under full load (cf 
Chapter 9) for the best efficiency. 

Largest fixed blade (piopellei) turbine in the woild is at Geoige 
Plant in Washington (USA). It develops 70,500 HP at 120 RPM undei 
90fthead. Still biggest pi opeller tin bine installation in the world will 
be at St. Lawiance Pow er Plant. Theie will be 32 fixed blade tui bines, 
1G on the Canadian side and 16 on the Ameiican side. The Canadian 
side units are being supplied by English Electric Co. and the American 
side units by Allis-Chalmeis and Baldwin-Lima Hamilton. The 
tin bines aie designed to develop 71,000 HP each under a head of 81 ft. 
At the maximum head of 8 T 5 ft they will develop 88,000 HP. The 
speed is 94*7 ipm and diametei of runner is 21 ft. 

7.23 Outlines of Propeller or Kaplan Runner (Fig 7.19 and 
7.20)—The flow of watei at inlet and outlet is axial. The space 
between guide-vanes outlet and runnei inlet is known as the “YVhirl 
Chamber 5 \ The outei curve of this chamber is an ellipse (See Fig 7,20). 


Semi-major axis of ellipse, a~0T3 D 1 
Semi-minor axis of ellipse, £ = 0T6 D 1 to 0 2 D x 
Diameter of boss 0*35 D j to 0’6 D x 

Section of the blades is an aerofoil. Open and closed positions 
clearly shown in Section X-X, Fig 7.20). 


Pitch 


7? .Dj 

<v2 


where £ 2 =number of runner blades. 


are 


Ratio 


— =0-9 to 1-05 

h 



Fig 7.19 Kaplan Tuibinc Runner 


Fig 7.20 Outline of Kaplan 
or Propeller Runner 
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For velocity triangles at inlet and outlet refer to Art 7.14 and 
Fig 7.12 and 7.13. 

TORQ.UE, POWER & EFFICIENCIES 

7.26 Force and Torque—The resultant dynamic force exerted 
by the water on the runner vanes in the direction of rotation (e f. Eqn 
1 . 22 ). 

f u = K-s) 

Force equivalent of motion at inlet 

p = w • v 

1 g 1 

Force equivalent of motion at outlet 

7T w • CL 

1 «2 g- * V W 2 

The action of the stream on the vanes of a radial how runner can 
be determined by finding the total torque produced by all the elementary 
forces over the vanes. The runner is considered to be divided into a 
number of parts of equal area, each constituting what may be called a 
fractional turbine. 

Let dM H be the turning moment of a fractional turbine and dQ, 
quantity of water flowing through it. 

Equivalent turning movement of fluid motion at inlet 


dM 


Similarly equivalent turning moment at outlet 


dM H -dF. a . R,= W g dCi . v Us . R 2 


Resultant toique 


dM H =dM H ~dM H = W - f9? . (o Bl . Ri-v Vi . R 2 ) 

Hence, M H = j dM H = W g f7 K • R i~ v » z • *•) . dQ, ..,(7.14) 


'V R, 

Fig 7 21 p u . R vs Q 



Exact value of M H can be obtained by 
graphical integration (See Fig 7.21), 

Roughly M„-' Ri—Vu, S Rz) 

H 9 1 ...(7,14a) 

7.27 Power—Let P^ be the power deve¬ 
loped by the turbine. 
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Then the power of a fractional turbine 
dPtf — dMff , co 

(% . Ri . «-«w. ■/£».«) 
g 1 3 


w . dQ / . 

~~~g‘ (» Ul . — w« 2 . «a) 

dP H~irf K? • “i-»« 2 • «a) • -..(7 15) 

Thus the power Pr, can also be determined 
be graphical integration (See Fig 7.22). ^ 

Appioximately, * X Jo /> 

P {v Ui .«,) ...(7.15a) ^i'Lr* 1 

(SeeArtl.il) Fig 7.22 J>y . U VS Q 

This is the expression for total hydraulic power developed by the 
turbine, considering the loss of head including that due to outlet velocity 
etc. 3 but neglecting the volumetric losses. 

7.28 Efficiencies— 

a) Head Efficiency— Let the total head loss in turbine be 
the net operating head H, 

Then efficiency - 

This is known as the “Plead Efficiency 99 
But Pjlj^Pci * 

=5 w . CL * H , r\ H 

“ “ g ^° n i ' Ul ~ Vu ‘ u *) tmW • & • H ■ % 

• «i-» WjS • “a 

or gH ' ‘ 1,(7 ' 16) 

2 (» Ul . ■ «*) 

Substituting. t< Ml —#» Ui . \/2g H, v u s m Kv u . \/2g H 
u 1 =Ku i . -y/Zglf and u t =K„ 2 . ^2gTl 


R, 

«2=7T • 


(Since 
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01 


r Rl ic 

A “» = /T ■ A " 


/ >/i= 2/r " 1 


/r. 


-1 l S j 

R^ 


= 2A %( A 


n 

If the discharge is ladial, i.e. 9 </«,= — 


•• (7.17) 


then cos<y 2 = 0, and K V{[ ^ = 0 




...(7 17a) 



Z>) Volumetric Efficiency—Let ACL be 
the amount of water that passes over to the 
tail tace thiough some passage (See Fig 7.23) 
other than the i tinner and doing no useful 
work. 

Then AQ=- AQ.«+ A&/ 


fig 7 23 Water Quantity Loss 
Lscaping Thiough the Cleat- 
ance Between the Guide 
Wheel and the Runnei. 


wheie ACi«=upper clcaiance loss 

AQ.i=lower clearance loss 

(See Fig 7.23) 


Volumetric efficiency, 

a -a a , a d 

~ QT QL 


...(7.18) 


TABLE 7.8 


Practical Data for i]^ and y]q 


K, 

5 

1 

96 

980 

K 

16 

69 

225 (British) 


65 

i 

300 

1,000 (Metric) 


0'87 

1 

0-91 

0*55 

r ‘Q 

0'955 

1 

1 

0*965 

0 985 


c) Hydraulic Efficiency—Total hydraulic loss in a turbine is made 
up of total head loss and volumetric loss. The actual hydiaulic power 
of the turbine is obtained by considering the total hydraulic loss. 
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Thus P h = w (0 — A Q.) {H- AH) 

and P a —iv.Q.II 
Hydraulic efficiency 

jp !l _w. {n-AJl)(n-An) 

q,i P a ~~ ' ~ w.Q'.II 

=(‘-f-)('--¥) 

“ ...(7.19) 

d) Mechanical Efficiency—Biake horse power of a turbine is the 
hydraulic powei minus the mechanical losses 

— &Pmech 

Mechanical losses may be clue to beaiing friction and windage. 
Denoting the two by A Pmech and AP weo ft respectively, 

then AP«.» . G~ . 


where G= total load on bearing, 

JV= speed in RPM, 

K±— a constant, 

and Aftii cch 2 ^&i • N* 

These foiniulae have been known from piactical icsults. Now 
mechanical efficiency i 


_P h A P mech | A P. much 

^hneUi — 7T “ * ” p 

J // r h 


...(7,20) 


Brake horsepower, 

... (7.21) 

0 ) Overall Efficiency : Let 7)^ be the overall efficiency of turbine. 
Then vj t =^- 

P« 


Pa ■ • ^ImecA 

= _ 

~*)q • • tynecft ..,(7,22) 

7,29 Rate of Flow in Reaction Turbines —Let quantity flowing 
per sec be £) 

Then Q~= Area across flow X velocity of flow 
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For a Francis runner, 

area across radial flow at inlet = (tc Di — £2 ■ 0 1 

w h ere X) 1= = inlet diameter of runner, 

£ 2 =number of blades in runner, 
t= thickness of blades, 

an d i? 0 =height of runner = height of guide 

vanes. 


Radial velocity of flow at inlet, 

v mi =v 1 * sin oq 

Q==(ir Di~z% • <) B 0 • o»» 1 ...(7.23) 

Now the area occupied by blade edges is usually 5 to 10% of •wD 1 


In general, (it D 1 —Zit) = K. tt D x 

where K= percentage of net flow area 

i.e. 0 90 to 0-95 


Also B 0 is proportional to Di 
Let A B 0 =K b .D, 

and v m i =K Vm . *]2glT 

Q=K . ir. K b . K Vm ^ W • V# ...(7.23a) 

The factor (K. % . ,\/2g) which is a constant for 

geometrically similar turbines is called specific flow and denoted by £) 31 

Then Qj=*Q n . D x 2 . ..(See Eqn 3.35) 

therefore is the quantity of water required by the turbine when 
working under unit head and with unit runner inlet diameter (Z^). 

For a Kaplan runner, 

Area across flow —K . 


Where K is percentage of net flow area obtained after deducting 
area occupied by the blades. 

D x = Z? 2 —external diameter of runner 
diameter of runner’s boss. 

Velocity of flow . \/2g H 

Q,=Area X velocity^iT . ■ K Vfn . V 2g . (Di 2 — c^ 2 ) . \/H 

1 “* (7 ‘ 24) 
-Q.u • W-rfi 2 ). VH 

where Q,u=A\ . K v . \f2q~. 
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Fig 7.24 Fiancis Turbine Constants vs Specific Speed (British Units) 
(N* metric-=4'45 N s British) 



Fig 7.25 Kaplan Turbine Constants vs*Specific Speed (Bntish Units) 
(Ns metric=4*45 N s British) 
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For a Francis turbine Q n varies from 0'09 to 2‘7 while for a 
Kaplan turbine it is from 2'2 to 4'4. 

Specific flow Q u and non-dimensional factors K Uq , K u , K Vq , K Vu , 

D 

K v , K b etc. can be plotted against specific speed jV B . Figs 7.24 and 

m o 

7.25 show such curves for Francis and Kaplan turbines respectively. 

Problem 7.4 An inward flow reaction turbine with a supply of 
20 cusecs under a head of 50 ft develops 100 HP at 375 RPM. The 
inner and the outer diameters of the runner are 20 inches and 30 inches 
respectively. The velocity of water at exit is 10 ft/sec. Assuming that 
the discharge is radial and that the width of the wheel is constant, find 
the actual and the theoretical hydraulic efficiencies of the turbine and 
the inlet angles of the guide and wheel vanes. 

(AMJE—Apnl 1949) 


Solution 

Q/=20 cusecs 

H= 50 ft 
P^lOO HP 

JV= 375 RPM 


-ZA — 30 inches 
i) 2 —20 inches 
v m =10 ft/sec 

oc a = 90° (radial discharge) 

B 1 -B, 


a) Peripheral velocity of wheel an inlet 
%D X .N 
60 


u ■ 


_ rc X 3 0x375 , 

“ 12x60 it|sec 


Velocity of flow at exit y n , 2 = 10 ft/sec 
As a 2 = 90°, v 1)t ^=v 2> (See Fig 1.22 c) 


Wotk done/sec by the turbine per lb of water= 


»u x • «i 

g 


(See Eqn 1.37) 

but this is equal to the head utilised by the turbine, i 


— = H ~ 5 


(Assuming there is no loss of pressure head at outlet) 


l X 49 


or 


or 


10 2 


5=50 64 4 

= 50—1‘55=48’45 
48'54x 32'2 


"‘■i- 49 


-=31-8 ft/sec 
w . Q. 


Work done/sec by the turbine wheel =—— (a u y . u x ) 

...(See Eqn 1.37) 


9 
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or Horsepower developed by the wheel = 


v.Q, K ' 


<7 


550 


_6 2 ‘ 4 >' 20 3 l_'0x_49 

- '32-2 x “ 550 “ 
= 1087 HP 


Available hoisepower or water horsepower 
_ w . Q. Ii 62*4 X20X50 
550 “' "550 


-113*5 HP 


Brake horsepower = 100 PIP 

Overall turbine efficiency = x 100 = 88*15 % Answer 

(This is the actual hydraulic efficiency as lequired in this problem) 

108*7 

and hydraulic efficiency X 100 = 95 8 % Answer 

(This is the theoretical hydraulic efficiency as requhed in this 
pioblem). 


b) d—(Tr . Di . B 0 v,n x = % . D, . 




D a 

'A 


:10x~ = 6-67 ft/sec. 
oU 


v„i 2 (See Eqn 2.11 and 7.23) 
(neglecting blade thickness) 
( v width B is constant) 


Drawing inlet velocity triangle (See Fig 1.23) with the help 
of «i, v t n l v u ^ 


tan Pi= a -. 


6-67 6 67 

= 49~31*8~172 


0*388 


or Inlet angle of wheel vane /^^tan^ 1 0*388 

= 21° -10' Answer 

n a = */v Ui Hv mi *=V3l*»+M7* =32*4 ft/sec 


and y Ui = y 1 cos« 1 


Vu i 31’8 

c°s = T2 r 4 -=0-982 


Inlet angle of guide vane ot i = cos~ 1 0'982 = 10° —53' 


Answer 


Problem 7.5 An experimental inward flow reaction turbine rotates 
at 370 RPM. The wheel vanes are radial at inlet and the inner diameter 
of the wheel is half the outer diameter. The constant velocity of flow in 
the wheel is 6 ft/sec (or 1*83 ?nj sec), Water enters the wheel at an angle 
of 10°—4' to the tangent to the wheel at inlet. The breadth of the wheel 
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at inlet is 3 in. (or 76‘2 nun) and the area of flow blocked by the vanes 
is 5% of the gross aiea of flow at inlet. Find'— 

a) the net available head at the wheel, 

b) the wheel vane angle at outlet, 

c) the outer and inner diameters of the wheel, 

and d) the theoretical water hoisepower developed by the wheel. 

(AM IE—Nov 1955) 

Solution 

jV= 370 RPM A=2 A 

v m =v tn = 6 ft/sec (oi 1*83 in) aj=10° — 4' 

3 in. (or 76*2 mm) k= l-0‘05 = 0*95 

=90° (V vanes are radial at inlet) 

c) Vm^Vi sin «! 


>1_ sin 10°-4' "0*1748 
£=34*3 ft/sec 



Fig 7.26 Inlet Velocity Tnangle 


[or »i= q- 1748 = 10 47 m / sec 


Velocity of whirl at inlet 

Vu =0i cos ai = 34*3Xcos 10°~4' [or 10*47Xcos 10°— 4'] 

i * 

= 33‘8 ft/sec [or 10'3 m/sec] 

As p^SlO 0 , » Wl =«i (See Fig 7.26) 


But «!= — 


ic . D 1 . JV 


ttxD,x370 
33 8 = —gig- 


■' or 10'3- T X ^ Z°] 


_ 33-8X60 1 .. n . . 

Di— -;r_„ — 1 746 = 1 ft— 9 m. Answer 

1 7rx 370 


10-3x60 

irX370 


= 0-532 m or 532 mm Answer 


D 1 9 Q” 

and £> 2 =-— =— 2 — =10‘5 in. Answer 

^or Z) 2 =~ ~~ =266 mm Answer J 

b) Net available head at the wheel 

=Work done/sec by the wheel per lb of water 

Vu l . M X — v u 2 • U a 



REACTION TURBINES 


213 


Vu . Ml 


9 


- (Assuming ladial dischaige at outlet) 


or 


10 3x103' 
981 
Answer 


b) 


or y 2 s 


^33 8x 33 8 
“ 32 2 ' 

=33*5 ft [or 10*8 m] 

7 t.D 2 .N 7TX0 875X370 
60" 

Itx 0-266x370 


60 


60 

# w =5*16 m/sec 


= 16*95 ft'sec 


» Wi> =6 ft/sec 




tan p 2 = 


= 0354 


1 83 

or - c =0*354 
5 lo 


tt 2 ~ 16*95 

/. (3 a the wheel vane angle at outlet^tan -1 0 345 = 19^° 

d) Quantity of water flowing through the wheel 
= area of flow X velocity of flow 

or Qj={h . % . D x . Bi) . v m ^ =0*95 x % X 1*75 X ^ x6 
[or 


Q=0 95 X % X 0*532 X0 0762 x 1*83] 

= 7*825 cu ft/sec [or =0*222 m 3 /sec] 

62*4x7^25 x35-5 
550 


Water Horsepower ^ ^ 


Answer 


r 1,000x0-222x 10-81 

_° r " 75 

= 31*5 HP [or 31’9 metric HP] Answei 

Problem 7.6 An inward flow Francis turbine is required to 
develop 5,000 BHP when operating under a net head of 100 ft and the 
specific speed is to be about 60 (in British Units). 

Assuming guide vane angle at full gate opening 30°, hydraulic 
efficiency 90%, overall efliciency 87%, ladial velocity of flow at inlet 

0*3 V2 ~g H y blade thickness co-eflicient 5%, diaw the inlet velocity 
diagram and find— 

a) the nearest synchronous speed to drive an alternator to give a 

frequency of 50 cycles per sec, 

b) the diameter and the width of the runner at inlet, 
and c) the theoretical inlet angle of the runner vanes, 

[AMIE Mech E (lond)-Aptil 1954} 

Solution 

P < =5,000 BHP a,-30° 

77=100 ft ^-0*3 t/ 2 ~q H 


JV S = 60 


0*95 
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>1/2 = 09 
/]f— 0*87 


/=50 cycles/sec 


«) Specific speed of the tuibine jV s =——~ 

H 1 

„ J ,_^Hi_60< 1 0OK3J6 fM 

y?( 1/5,000 

1VT 1 J 3,000 3,000 , 

Nearest synchronous speed = ~=272'8 RPM /Iwj^gr 

(Assuming p s the number of pair of poles =11) 
b) Velocity of flow i/ m ^ =0 3 y 2gII 

= 0 3 X 8*02 X 10=24 06 ft/sec 

But v m i = vx . sin &1 
or 24*06 = ^ sin 30° 

24'06 a a i a r / 
or v x ^ - Qi g— —48 12 ft/sec 

vu^vx cos 30°=:48‘12 X 0*866 = 41*75 ft/sec 

Work done/sec by the turbine runner per lb of water 


. % 


9 


. H 


= 0'9x 100=90 ft lb/sec 

qn v ^9-9 

Peripheral velocity !f x *=—— = 69 4 ft/sec 


But i/j=- 


7c. z>x. jy 
60 


or 


n 60 . 60x69*4 _ 1 

i>1 “ 7C . N “ irx272=8~ 4 ' 68 ft=4 ft ~ 8 -5- in- 




Now 


n W.Q..H 
Fi 550 


fit 


or 5 j OOO=^|^- 1 -°xO-87 

or Q==507 cu ft/sec 

Further quantity of water flowing through the runner 
or Qj=(k . % . 2>,. B x ) .o Wi 

or -%r- 

k . % . D x . v m 


Bl-n 


507 


0‘95 X % X 4-68 x 24 = 06“ 1 ' 505 ft ~ 1 ft 6 *“• Ammr 



REACTION TURBINES 


215 


c) Diaw the inlet velocity tilangle (See Fig 1,22) 
tan /3 X = 


Ul—Vu 


24*06 

69 4“-41*75 


24*06 


27*65 


— 0 87 


oi the inlet angle of the runner vanes 

(3 1 =tan“‘ 1 0*87 — 41°— T Answer 

Problem 7.7 In an imvmd flow reaction turbine the peripheral 
velocity of the wheel at inlet is given by u=$ V2gh and the radial velo¬ 
city of flow Vf=<\> \/2gh 

The breadth of the wheel at inlet is hi 5 times the diameter of the 
wheel at inlet. II the turbine efficiency is 85 peicent and the area taken 
up by vanes at inlet is 5 peicent of the peripheral area at inlet, prove 

that the specific speed of the tuibine is equal to 233 <f> \/<} t . n 

A runner of the above type having a specific speed of 50 RPM is 
required to develop 9,000 horsepower under a head of 278 ft. Taking \jj 
as O’18 and n = 0 2, calculate the RPM and the diameter ot the runner. 

(UPS G—Dec 1953) 


Solution 




Y) t =0 85 
JSf a =50 


K v = i p 

m j r 

B,=« 7), 

P,= 9,000 BIIP 
H= 278 ft 


K v =0 18 

= 0-2 D, 

«j= 0 

/.= 1 —05 =0*95 


a) The quantity of watei flowing through the tuibine=aiea of 
flow X velocity of turbine 


Q~0'95XttxD 1 X.B 1 xo m 

= 0'95XuXnxD] S x <|^x8'02x/i 
or Q,n=0 95 Xttx 8 02xn . 4> 

Now tq =<ji \/2gk 

7T . D l _. N 

= ~ 60 “ “ 


i 


7V= 


60 . iq 60 <j> . ^/2gh 


Now N.- 


% .D 1 

jv. Vp; 

5 

i-n 


. D x 


60 (j> . V2gh A /62*4X 0*95 x % X 8*02 X nX . $ x/jxO'85 

~n. £>r~ X V 550 

fi 
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or N.—&X 


60 X 8 02_ V_fc 
— ' n X Di 


V- t: 


X0-95XTCX 8-02x0 85 


550 


X Di 2 XA* V n ■ $ 


h* 


or 

or 

b) 


N s =233 . $ . V u . t/r 

N„=233 . K Ml , \/ K £! . K„ m 


7V S 


JV. Vfi 


or 


50= 


JVx j/ 9,000 
278* 


_jVx94-9 

278x4-1 


QED 


or ^50x278x4^1 = 6Q0 RPM 

94-9 

Q, 21 =0-95 X n; X 8-02 X« . 

=0-95X71X8 02 x 02 x 0-18 
= 0-862 

But O — - 550x9,000 —335 C u ft/oec 

tv .//. /)< 62-4x278x0-85 /S 


Now Q=£ lx . TV . // 2 

’’’ A= V ^ vF = V < 


335 


0 862 X -y/ 278 
= V22T3 =4*83 ft^4 ft-10 in. Answer 


Problem 7,8 A Kaplan turbine develops 8,000 HP (or 8,125 
metric HP) under an effective head of 16 ft (or 4*88 m), Its speed 
ratio is 2 and flow ratio is 0 6, and the diameter of the boss = 0*35 times 
the external diametei of the runner. Mechanical efficieny of the turbine 
is 90 percent. Calculate the diameter of the runner, speed of the runner 
and also its specific speed. (Punjab University — 1951) 

Solution 

Pt= 8,000 HP (or 8,125 metric PIP) II = 16 ft (or 4’88 m) 

Ku= 2 JT* =0*6 

1 w x 

vji=90% </=0*35 D x 


(Here mechanical efficiency of the turbine means the overall tuibine 
efficiency) 

_ Brake Horsepower P t 
^ Available Horsepower ~~P a 


or 


0*9 = 


8,000 
w . Q . H 
550 


or 0 9 = 


8,125 ~ 

ar. a . 

"75 



REACTION TURBINES 


217 


„ 8,000 550 , „„„ „ , 

Q, Q.g X 52'4 x16 ^j900 cu ft/sec 


or Qj= 


1,000x4-88 


—138 5 m 3 /sec 


Flow latio K v =0'6 


Vm i 1 P v in 1 

— ~d'hHr = ‘ 8 02X 4 L or "4-43X2-21 - 


*/2gH 8 02x4 L 4-43x2-21. 

or Velocity of flow, v nll = 0*6 X 8*02 X 4— 19 25 ft/sec 

[or p mi c =0 6x4 43 X 2'21 = 5 875 ml sec] 
Dischatge=velocity of flowx area of flow 


Aiea of flow- 


_ Discharge _ 
velocity of flow 




r 138 5 . 1 

_ 01 5-875 23 6 m J 


But area of flow=-^-Z) 1 2 — d 2 

254-5=-?-£»!* (1-0 35 s ) =0 689 ZV 
4 

[ox 23-6=0-689 TV] 


D x =aJ g^==V370== 19-25 ft=19~ ft Answer 
~~ / 

or D x = \J Q^Qgg” V34-3*»5-86m or 5, 


860 mm Answer 


p , ^ o «1 7r • D x . JV 

Speed ratio K u =2 = -—===- = - -—==r- 

p “» V2 gH 60. V2 gH 

K «1 • V 2gHx 60 2 x8 02x4x60 


TC X 

2X443X2 21 X60 
7r x 5*86 


tt x 19 25 


- =63 6 RPM Answer 


r 2X4 43 XS 

or Jv=*-— 

L tt x5* 


= 63’6 RPM Answer 


Best synchronous speed of the tuibine would be 75 RPM, when 
coupled to a 50 cycles/sec generator having 40 pair of poles. 

JV. a/pT 

Specific speed of the tuibine jV 5 — —— a -— 

H* 


63 6 X V8,000 „„ . 

=-=— =178 Answer 

16 ? 

63-6XV025 _ n< . 1 

or N s — - •——=791 Answer 

A. (JOT - 1 
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UNSOLVED PROBLEMS 

7.1 Describe briefly an inwaid flow turbine, (AM1E~May 1954) 

7.2 Show by the help of a diagiam the layout of a medium head water 
power plant using a Francis turbine. The sketch of the turbine 
should also be drawn showing its different parts. 

7 3 Where aie open flume reaction water turbines employed ? Describe 
such a type of turbine briefly. 

7.4 Wiite short notes on— 

Scroll casing, Wicket gates, runners of reaction tuibines. 

7 5 What is the necessity of stay vanes in a spiral casing ? 

7.6 What are the functions of a diaft tube ? 

7.7 Prove that a draft tube prevents the loss of head of a reaction 
turbine. 

7.8 What are the uses of a draft tube ? Sketch and name the different 

types of draft tubes and state which one of them gives the maximum 
efficiency. Name the modern tuibines which requiie the use of 
draft tube. Why does a Pelton turbine not possess any draft 
tube ? (AMIE—Nov 1954) 

7.9 Desciibe different types of draft tubes. 

7.10 What is Hydracone ? What aie its advantages ? 

7.11 How was the elbow type draft tube developed ? 

7.12 What is the maximum head for which a Francis turbine has been 
installed ? 

7.13 Why is it necessary to choose the number of Francis runner blades 
as odd and the number of guide vanes as even ? 

7.14 Show by the help of diagrams and velocity triangles how the 

runner of a Francis tuibine can be developed to that of a Kaplan 
type. {AMIE—May 1955 ) 

7.15 Diaw typical velocity triangles at inlet and at outlet for low, 
medium, and high specific speed Francis turbines as well as Kaplan 
turbines. 

7.16 How do the losses in the draft tube affect the pressure at runner 
exit ? 

7.17 What is meant by “cavitation 55 ? How and where does it occur in 
Water Power Plants ? Derive an equation for the lowest head 
required by a reaction turbine which is placed below the tail 
water level. 

7.18 Why does it become necessaiy to install a water tuibine below the 
tail race level ? 

7.19 What is Thoma's factor of cavitation and what is its significance for 
water turbines ? 

7.20 On what factors does the cavitation in water turbines depend ? 

7.21 Describe some method to avoid cavitation in water turbines, 

7.22 Write short notes on the selection of working speed and runaway 
speed of reaction turbines, 

7.23 Describe with the help of sketch the special features of a Kaplan 

turbine [AM 1 E—Nov 1953 ) 
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7.24- How are the runner blades of a Kaplan tuibine lotated ? 

7 25 Describe the latest development for the motion of Kaplan umnei 
blades. 

7.26 Describe the maximum diametei and maximum head of a Kaplan 
tuibine till today. 

7.27 What is the difference between a Propeller turbine and a Kaplan 
turbine ? 

7.28 What are the hydraulic, losses in a reaction water turbine ? Define 
hydraulic efficiency. 

7.29 How will you determine the overall efficiency, if the volumetiic, 
head and mechanical efficiencies are given ? 

7.30 What do you undei stand by — 

i) Setting of a turbine, 

ii) Cavitation index, 

Hi) Speed latio of a turbine. ( AM IE — May 1958) 

7.31 Talaiya Power House (DVG) is equipped with two water turbines 
each developing 2,800 HP when running at 250 rpm under a 
maximum head of 77 ft. 

a) Calculate the specific speed of the turbine. 

b) State the suitable type of the turbine and its runner. 

g) Determine approximately the inlet diameter of the runner if the 
speed ratio is 0'8. 

d) Draw the typical inlet and outlet triangles of velocities. 

(58*2, Francis, fast runner, 4*3 ft) (Jadavpur University — 1955) 

7.32 Pathri Hydro Station on the Ganga Canal in U.P. is equipped with 
three VOITH water turbines, each having the following speci¬ 
fications— 

Net working head=32 ft, 

Dischare =2,950 cusecs, 

Output =9,500 BPIP, 

Speed =125 rpm. 

Determine 

a) Overall efficiency of each turbine, 

b ) Specific speed and type of turbine, 

c) Speed ratio, if the diameter of the runner is 12J ft. 

Draw the outlines of the above turbine, showing the type of 
draft tube you would employ. 

(887% ; 160 ; Kaplan ; 1*84 ; Elbow) (Roorkee University — 1958) 

7.33 A reaction turbine is to be selected from the following conditions— 

Maximum net head = 42 ft 
Average net head = 35 ft 
Minimum net head = 29 ft 

Full output at average head which is also design head is 
18,000 BHP. What type of turbine would you suggest in this 
case ? 
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The full load total efficiency at average head may be taken 
as 39% and at maximum and minimum heads as 87% and 88% 
respectively. The speed ratio is 1'8 at average head and generation 
speed is 250 rpm. 

Determine 

a) Diameter of runner, 

b ) Designed specific speed, 

r) Full load outputs at minimum and maximum heads. 

[Kaplan (a) 6 ft — 6^ in. ( b ) 394 (r) 23,100 HP, 13,420 HP] 

(j Punjab University — 1957A) 

7.34 An inward flow turbine, having an oveiall efficiency of 75% is 
required to give 175 HP. The head is 20 ft, velocity of the 

periphery of wheel is 0 8 \/2g H i and the radial velocity of flow 

is 0*35 \/2g H. The wheel is to make 250 rpm and the hydraulic 
losses in the turbine are 20% of the available energy. Determine 

a) the angle of the guide blade at inlet, 

b) the wheel vane angle at inlet, 
r) the diameter of the wheel, 

d) the width of the wheel at inlet. 

Assume the turbine as reaction and radial discharge. 

(35° — 6' ; 48° — 8' ; 2 , “2^ ,/ ; 14‘4 inches) (Punjab University — 1958A) 

7.35 An inward flow reaction turbine runner is required to operate 
under a head of 35 ft at a speed of 175 rpm and to develop 200 HP. 
Find the diameter of the runner at inlet and outlet, the discharge, 
the guide vane angle, and the runner vane angle at inlet and outlet, 
assuming the following data— 

Outlet diameter = 0*66 X inlet diameter 

Peripheral speed of inlet —0*75 *\/2 g H 

Velocity of flow =0T6 =constant 

Discharge radial 

Hydraulic efficiency —86% 

Overall efficiency —81% 

(3‘89 ft ; 2*57 ft ; 62 1 cusecs ; 42i° ; 17° —54') 

7.36 A Francis turbine gives the following performance : 

17*4 ft, Q = 53‘85 cfs, BHP=92*77, rpm=204*2, Dia=31 in. 
Part gate opening = 0*873. 

a) Compute the efficiency and speed ratio. 

b) Assuming the same wheel to operate at same speed and same 

gate opening under a head of 50 ft, what will be the new rpm, 
d and HP, Check the results by recomputing from the 
efficiency and speed ratio, 

[ a) 87*2%, 0*823 ; b) 346 rpm, 91*2 cfs, 450 HP] 

7.37 A Francis turbine has a wheel diameter of 4 ft at the entrance 
and 2 ft at the exit. The vane angle at the entrance is 90° and the 
guide vane angle is 15°. The water at the exit leaves the vanes 
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without any tangential velocity. The head is 100 ft and the radial 
component of flow is constant. What would be the speed of the 
wheel in lpm and vane angle at exit ? State whether the speed 
calculated is synchronous one 01 not. If not what speed would 
you recommend to couple the turbine with an alternator of 50 
cycles. (268 rpm ; 28°- 12' ; 250 rpm) [UPSC Jan—1952) 

7.38 An inward flow turbine wheel woiks under a head of 60 ft and 
- makes 380 ipm. The diameter of the outer circumference of the 

wheel is 24 in., and of the innei circumference 12 in. The velocity 1 
of water enteiing the wheel is 44 ft/sec, and the angle it makes with 
the tangent to the wheel is 10°. Assuming the radial velocity of 
flow through the wheel to be constant, and that the water leaves 
the wheel m a radial direction, determine the direction of the 
tangent to the vane of the wheel at the inlet and outlet. Deteimine 
also the hydraulic efficiency of the turbine. 

(114°—42' ; 21° tangent to the periphery , 89%) 

7.39 Find the leading dimensions of the runnei of an mwaid-llow 
reaction water tuibine to develop 850 HP at 1,000 rpm under a 
head of 340 ft, assuming a guide vane angle of 16°; axial length 
of blade at inlet O’ 1 times the outer diametei, innei radius 0 6 
times the outer ladius ; radial velocity of flow constant , final 
discharge radial ; hydiauhc efficiency 0 80 ; overall efficiency 
0*86 ; allowance for blade thickness 5%. 

(£> x = 1-633 ft; D a —0 98 ft; D^l‘95 in. ; /? 2 = 32° —6') 

(Jadavpur University—1958) 

7.40 The following data refers to an inward flow reaction tuibine : 

Supply — 30 cu ft/sec at 80 ft head, 

Wheel diameters—30 in. at outlet and 20 in, at inlet, 

Radial exit velocity—8 ft/sec, 

Inlet vane angle—35°. 

Calculate the horsepower and rpm of the turbine. Assume 
the width of the wheel constant, and turbine efficiency 80%. 

[217-5 HP; 320 rpm] (. AICTE-May 1958) 

7.41 An inward flow tuibine woiks under a total head of 90 ft. The 
velocity of wheel periphery at inlet is 50 ft/sec. The outlet pipe 
of the turbine is one foot in diameter and the turbine is supplied 
with 50 gallons of water per second. The radial velocity of flow 
through the wheel is the same as the velocity in the outlet pipe. 
Neglecting friction, determine— 

a) the vane angle at inlet, 

b) the guide blade angle, 

c) PIP of the turbine. 

[Madras University—1957) 

7.42 Discuss the general theory of inward flow reaction turbine, and 
deduce an expression for the maximum hydraulic efficiency. State 
the reasons that lead to the adoption of comparatively smaller 
inlet angles for runner blades for higher heads and larger ones 
for lower heads. Show also that when the inlet angle is 90° for 
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the medium heads, the velocity of flow being constant, the hydraulic 

2 

efficiency is expressed by —> wheie a is the guide blade 
angle. ( Bombay Univeisity—1957) 

7.43 A Kaplan turbine has a vertical conical draft tube. The diameter 
of the tube on the upper side connected to the outlet of the runner 
is 2 ft and that of the tube outlet is 3 ft. The tube is running full 
with water flowing downwards, and it is 20 ft long with 5 ft of 
its bottom length in tail water. The frictional loss between the 
top and the bottom point is 0*15 times the velocity head at the 
top point where the water has a velocity of 20 ft/sec. Find the 
water pressure in the top point of the draft tube in lb/sq in. and 
ft of water. (—0 25 lb/sq in.,—19*05 ft) ( Jadavpur University—1954) 

7.44 A leaction water turbine is equipped with a straight Hating draft 
tube having top and bottom diameteis of 20 in. and 30 in. respec¬ 
tively. The water velocity at the top is 10 ft/sec, where the 
elevation is 15 ft above the level of the tail water. Assuming a 
loss in the draft tube equal to half the velocity head at exit, 
compute 

a) the pressure head at the top, 

b) the total head at the top with reference to the tail race as a 

datum, 

c) the total head at the exit, 

d ) the power in water at the top and at exit, 

and e) the power loss in the tube due to friction. 

(—16T ft, 0*46 ft, 0*31 ft, T14 HP, 0 77 HP, 0*37 HP) 

7.45 A turbine runner has an exit velocity of 32 ft/sec. The loss of 
head due to friction and other causes in the draft tube should not 
exceed 5 ft. What maximum height of settings will you recommend 
for the turbine if the cavitation is to be avoided ? 

Assume 

i) the velocity of water at the outlet of draft tube as 8 ft/sec, 

and ii) the cavitation commences when the pressure is 8 ft of water 
absolute, (16*1 ft) ( Delhi University—1957) 

7.46 A plant is located at an elevation of 300 MSL. The average water 
temperature is 60°F. The turbine develops 50,000 HP at a rated 
speed of 112’5 rpm and under a head of 135 ft. Calculate the 
maximum allowable suction head for the draft tube. Given— 


a 

1 

1 

1 

0-5 I 0-4 

i 

0'2 

0-1 

0-05 

0'03 

i 

0 016 

1 

N s 

200 

166 90 

1 1 

60 

41 

i 

29 

22 

1 

I 

16 
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and at 300 ft MSL. 


°F 

165 

i 

155 I 

135 

115 

85 

60 


21 

24 

28 

1 

| 30 

32 

33 


Hi,— Height of barometric column in ft. (10 ft) 

7.47 A Francis turbine develops 550 BHP at an overall efficiency of 82% 
when working under a static head of 5 metres, the draft tube being 
cylindrical and of diameter 2 '3 metres. What increase in power 
and efficiency of tuibine would you expect, head, speed and 
discharge remaining the same ; if a tapered draft tube having an 
outlet diameter of 3’2 metres and efficiency of conversion of 90% 
were substituted for the cylindrical one ? 

(50 HP ; 4%) (Madjas Univeisiiy—1955) 

7.48 The Thoma-factor (o) of cavitation can approximately be written 
as— 

■ JV+A . K* 


where 


and 7f,.—— 


u 


\/2 gll ." s/2gH 

v m and u being the axial and tangential velocities. r) fl is the cli aft 
tube efficiency and 


p JL 

w w 


2 <J 

is the dimensionless parameter describing the pressure difference be¬ 
tween a point on the runner vane and at the exit. — is the absolute 

1 it) 


pressure at a point on the vane and ~ at the exit. 

A 250 rpm Kaplan turbine using 900 cusecs at full load under 
a net head of GO ft has a runner diameter of 8 ft and hub diameter 

of 4 ft. The difference ——— as indicated by the model test 
w w 

can be taken equal to 6 ft of water. Neglect the vapour pressure 
and determine the maximum permissible suction head for the 
above machine taking barometric pressure as 28 ft of water and 
the draft tube efficiency of 85%. 

(14'44 ft) (Punjab University—1957A) 

7,49 The following data were obtained from an efficiency test of a Kaplan 
turbine— 

Diameter of boss of runner=0'35 times the external diameter, 

Speed ratio =2, Flow ratio=0'6 

Speed —75 rpm, Head — 25 ft 

Brake horsepower ^17 3 50Q 
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Find the efficiency of the tin bine. 

(89*8%) (AMIE—Nov 1958) 

7 50 Kaplan tuibine installed at Radhanagri (Bombay State) Power 
House develops 1,720 HP at an average head of 95 ft. The speed 
and flow ratios are 2‘1 and 0*62 respectively. The diameter of 
the boss = 0 34 times the external diameter of runner. Overall 
efficiency is 0‘89. Calculate the diameter and speed of the runner. 

(2*31 ft; 1,360 rpm) 

7.51 As an element of water passes through the runner of an inwaid- 
flow turbine, its total energy and its pressure energy undergo 
considerable changes. Show this by sketching graphs roughly to 
scale, between c ‘iadial distance of element fiom the axis 39 (abscissae) 
and “pressure energy 51 and “total energy" of element (ordinates) 
for an idealised vertical shaft turbine as follows— 

Outer diameter = 1'25 m ; inner diameter = 0'7625 m ; total 
head above wheel=186?«; radial component of flow velocity of 
water = 6*23 mj sec ; inlet runner blade angle = 90\ Assume that 
5% of the total head is lost in friction and eddying in the guide 
apparatus, before the water reaches the wheel, and that 5% is lost 
in the runner itself. The water escapes from the runner into the 
tail-iace at atmospheric pressure. Make any other reasonable 
assumptions. What would be the piessure head of the water in 
the clearance space between guide blades and runner blades ? 

[AMI Meek E (Lond) — Oct 1959 ; Converted to metric units] 

7 52 233 litres of water per second aie supplied to an inward flow 
icaction turbine. The head available is 11 m. The wheel vanes 
are radial at inlet and the inlet diameter is twice the outlet 
diameter. The velocity of flow is constant and equal to 1*83 mj sec. 
The wheel makes 370 rpm. Find— 

a) guide vane angle ; 

b) wheel vane angle at inlet; 

r) inlet and outlet diameters of tlie wheel ; and 

d) the width of the wheel at inlet and exit. Neglect the thickness 
of the vanes. Assume that the discharge is radial and that 
there are no losses in the wheel. 

(10°—4' ; 90° ; 534 mm ; 267 mm ; 76*25 mm ; 152*5 mm) 

( Osmania University—1952 ; Converted to metric units) 

7.53 Two inward flow reaction turbines woiking under the same head 
and same hydraulic efficiency have also runners of the same 
diameters viz , 550 mm and the velocity of flow for both is 5*5 m/sec. 
One of the runner A has an inlet blade angle of 65° and a speed 
of 520 rpm, while the other B has an inlet angle of 115° What 
is the speed of the runner B ? 

(432 rpm) ( Bombay University—1956 ; Converted to metric units) 

7.54 The largest Kaplan turbine installed anywhere in the world is at 
Vargon (Sweden). It is rated at 15,400 metric HP when working 
under an average head of 4 3 m. The diameter of the boss is 0*3 
times the external diameter of runner. Overall efficiency of 
turbine is 0 91. Find the speed and diameter of turbine runner. 
Take the values of speed ratio and flow ratio as 2 and 0*65 
respectively. 

(42*2 rpm ; 8*33 m) (BHU—1960 ; Converted to metric units) 
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GOVERNING OF WATER TURBINES 


8 1 Intioductiuii 8 2 Functions of a Watci Tuibinc Governor 8 3 Types of 
YVatci Tuibmc Govemois 8 4 Qualities of a Governor (Sensitiveness, Rapidity, 
Stability, Isochiomsm, Hunting, Capacity, Speed Regulation and Regulating Time) 
8 5 Elements of Oil Picsstue Governor (Speed-Responsive Element, Povm Element and 
Stabilising oi Compensating Element) 8.6 Outlines of Oil Piessuie GoveinoL 8 7 Work¬ 
ing of Oil Piessuie Governor 8 8 Modem Types of Oil Piessuie Goveuiois (Gate Shaft 
Type and Actualoi Type) 8 9 Diffeienl Types of Actualois (Speed-Responsive Actuator, 
Speed cum Ac c delation-Responsive Actuator and Electio-Hydiaulic or Electronic 
Actuatoi) 8 10 Governing ol Impulse Tut bines 8 11 Governing of Reaction Turbines 
8 12 Relief Valve oi Piessuie Regulatoi 8.13 Governing of Kaplan Tuibines by Double 
Regulation 8 14 Safety Devices foi Penstocks 8.15 Suige Tanks 8.16 Foiebay. 

8.1 Introduction— Governing means regulation of speed. The 
main function of a governor is to maintain a constant speed when load 
on the turbine fluctuates. The governor is, therefoie, the point of 
co-ordination between the tuibine and external contiols. This is 
accomplished by controlling the rate of flow of liquid leading to the 
runner* in proportion to the load. In case of Pelton turbines the 
governor closes or opens the needle valve, in case of Francis turbines, it 
closes or opens the wicket gates and in case of Kaplan turbines it moves 
the runner blades in addition to closing and opening of wicket gates. 

Almost all modern hydraulic turbines are directly coupled to 
alternators which must run constantly at the designed speeds* The speed 
of an alternator is fixed by the number of pair of poles and the required 
frequency (cf Art 6.13). For various reasons the frequency cannot be 
allowed to vary. The speed must, therefoie, remain constant when the 
load changes, hence the necessity of speed control. Governors are 
also used for other primemovers such as diesel engines, steam turbines 
and steam engines. In the former it operates by regulating the fuel 
supply and in the latter by controlling the steam pressure. The water 
turbine governor controls the rate of flow of water. 

The governor of a diesel engine has to perform much less work 
than that of a hydraulic turbine. While a small centrifugal governor 
will suffice to control the supply of a fuel like oil, it needs a very strong 
governing mechanism to exert forces necessary to divert or to stop the 
flow of water into a turbine runner. 

The turbine governor is called upon to satisfy conflicting condi¬ 
tions. It should be quick acting, i,e. s it should restore the speed to normal 
as soon as possible after it has been disturbed due to a variation of load. 
On the other hand it should not close the pipeline so quickly as to 
cause a serious hammer blow. Obviously, the governor should be so 
designed as to keep both speed rise of runner and pressure rise in pipe 
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within limits. In order to save the pipeline from water hammer effects, 
the turbines are equipped with a safety device operated by the governor. 
A deflector or diffusor in Pelton turbines and relief valve (i.e. pressure 
regulator) in reaction turbines will serve this purpose. 

8.2 Functions of a Water Turbine Governor— 

a) It controls the speed of turbine —set and match it to the hydro¬ 

electric system for synchronising. 

b) It controls the speed and frequency of turbine unit or units to 

maintain a desired frequency and voltage, 

c) It sets the amount of load a turbine unit has to cairy, 

d) It helps in starting and shutting down the turbo-unit by opening 

and closing the nozzle of Pelton wheel and wicket gates of 

reaction turbine. 

8.3 Types of Water Turbine Governors —The governing 
mechanism may operate mechanically, electrically or by fluid pressure. 
Mechanical governors such as ball and spring governors as well as 
electric brake governors are used for small turbines. Speed control 
in large water turbines requires a mechanism capable of relatively 
heavy duty and therefore oil pressure governor is the only suitable 
type. 


8.4 Qualities of a Governor —The following are the fundamental 
qualities or performance characteristics of a governor if it is to regulate 
satisfactoiily. 


a) Sensitiveness 

b) Rapidity of Action 

c) Stability 

d) Isochronism 


e) Hunting or Racing 
/) Capacity 

g) Speed Regulation 

h) Regulating Time or Governor’s 

Time, 


a) Sensitiveness —The ratio of the mean speed of action to the 
difference between the maximum and minimum speeds is a measure of 
sensitiveness of a governor. 

i.e, Sensitiveness^^^? • --- ...(8.1) 

2 O) 2 — CO v J 

or in other words sensitiveness of governor means the alteration of 
position of governor which is caused by the smallest increase or decrease 
in speed at any turbine gate opening. 

b) Rapidity of Action —The action of governor must be rapid. 
If the load increases, the governor’s action should be quick to open the 
gate. However, if the load falls, the quick closing of gates checks the 
flow of water in the pipeline and may cause water hammer. If the 
pipeline is long relative to head (i.e. pipe length is more than 5 to 6 times 
the static head), the problem of pressure rise becomes serious. In order 
to avoid such a pressure rise, the closing time of governor should be 
increased, but the delay in shutting off the water allows a greater time 
for the turbine to speed up and hence the speed rise becomes considerable 
unless a very heavy flywheel is fitted, 
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c) Stability —If a governor is stable and its balls aie slightly 
displaced from their equilibrium position, the speed remaining constant, 
they will have a tendency to return to the normal configuration corres¬ 
ponding to speed. Thus a stable govei nor helps the gates to come to 
their proper position with the least possible oscillation. 

d) Isochronism —A governor is said to be isochionous if, neglect¬ 
ing friction, the equilibrium speed is same for all radii of balls. This is 
possible if the goveinor is infinitely sensitive and the governor always 
flies to one or the other extreme position. The condition is representated 
by 6 ) 1 =oj 2 in Eqn 8.1. 

e) Hunting or Racing— A goveinor is said to hunt or race if 
there is periodic speed fluctuations with steady load. This is caused if 
the governor is too sensitive. 

f) Capacity —The capacity of goveinor which controls the flow 
of oil under pressure to the turbine servomotor, is determined from the 
force required to move the turbine wicket gates. The capacity of governor 
is the sum of the capacities of gate servomotor and blade servomotor (in 
case of Kaplan turbine only). 

The capacity of a servomotor in ft lb or kg m is the total force in 
lb or kg exerted by oil under pressure on the piston or pistons multiplied 
by the stroke in ft or metres. 

Capacity of gate servomotor Gg—GxDf H maa ft lb (8.2) 

where Gi=Constant= , ^ a ^^ ... (J\f 8 in FPS units) 

Z) 2 —Runner discharge diameter 
H wa{0 == Maximum head including water hammer 
jV # = Specific speed 


Blade servomotor capacity 


20 Pi . N s 


i 


W 


- ft lb 


.. (8,3) 


where Pirated horsepower 
/f=rated head. 

£) Speed Regulation —The speed variations which are caused by 
sudden fall or increase of full or partial load, are to be regulated by the 
governor in order that the normal speed is returned immediately. 

h) Regulating Time or Governor’s Time —This is the time in 
seconds required by the governor to move the turbine gates from the 
closed to the open position or vice versa. The governor system is design¬ 
ed to close the wicket gates in 3 seconds for a short penstock and upto 
5 seconds for a long penstock. 

8.5 Principal Elements of Oil Pressure Governor—The 

principal elements of a water turbine governor which is generally of 
oil pressure type, are as follow— 

a) Speed-responsive element, b) power element, 

c) Stabilising or compensating element, 
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a) Speed-Responsive Element which stalls its action with the 
change of speed, consists of— 

i) Pendulum or governor's head which functions by centrifugal action. 

n) Drive of Pendulum 01 of Governor's head fiom the tut bine main shaft. 

b) Power Element which supplies powei to open or to shut the 
turbine gates according to load, consists of— 

i) Servomotor —A piston opeiating inside a cylinder by oil pressure, 
is made to transmit power to turbine gates through suitable mechanism. 

n) Distributor of Relay Valve supplies oil to either side of the piston 
of servomotor for its (piston’s) to and fro motion. 

m) Pressure Oil Supply Unit supplies oil to distributor or relay valve, 
It has a pumping unit with an air vessel and a sump tank. 

c) Stabilising or Compensating Element which prevents 
hunting or racing of governor, consists of— 

i) Dash pot —The action of the pendulum is transmitted through 
a system of floating levers to the dash pot. The action of dash pot is 
asymptotic. 

u) Pilot Valve—D ash pot transmits the action of pendulum to the 
pilot valve which causes the oil pressure to be transmitted to the distribu¬ 
tor or relay valve (it of b above). 

In addition to above, the stabilising or compensating element 
consists of the following— 

in) Starting & Stopping Gears —Starting of turbine is accomplished by 
a lever, operated by hand, which brings the distributing valve gradually 
into opening position. As soon as the turbine reaches normal speed, 
the oil pressure is admitted to the emergency cylinder by turning the 
bypass cock into “to run*’ position. To shut down, the bypass cock is 
turned into “to close” position whereby the emergency or safety oil 
pressure cylinder is exhausted and the turbine shuts. 

iv) Safety Devices against oil pressuie and drive failures. 

i>) Load Limiting Device with which the normal load can be limited 
before and/or during operation. 

vi) Speed Changer or Speed Setting can be done by hand or by an 
electromotor. 

vii) Hydraulic Return Motion Gear is fitted over the dash pot, which 
helps in transmitting the motion is one direction only and thus no lost 
motion can develop with such a gear. 

8 6 Outlines of Oil Pressure Governor —It consists of the 
following main components (See Fig 8.1) : 

i) Servomotor or relay cylinder—A piston operating inside a 
cylinder is made to transmit power to the turbine gates through suitable 
mechanisms. 

«) Relay valve or distributing valve— It controls the flow of 
oil under pressure to either direction of the servomotor cylinder. 

Hi) Actuator or pendulum— It functions by centrifugal action and 
it is driven from the turbine main shaft. 
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iv) Dash Pot and Pilot Valve which supplies the motion of 
pendulum, in stabhsed loim, to the distributing valve. 

v) Pressure oil supply including pumping units, supply oil to 
distributing valve. 

vi) Casing—It encloses all above components and also selves as an 
oil pressure tank. 

vn) Governor driving mechanism 

The function of each part is explained below— 

i) Servomotor—It consists of a cylindei inside which a piston 
moves undei the action of oil pressuie. Foi laige units, two cylmdeis 
may be employed. 



Fig 8 1 Oil Picssute Governor with Tixcd Tulcium in Neutial Position— 

Simple Line Djagiam 

The motion of the piston is transmitted to the spear rod in Pel ton 
turbines and the guide vanes m reaction turbines. An auxiliary govern¬ 
ing device is the hand wheel driving the piston. This is used either when 
starting the unit or when automatic governing is not iequired. 

ii) Relay Valve —This is generally a slide valve of piston type, 
Distribution of oil supply to the chambers of the servomotor cylinder is 
regulated by the relay valve operated by a pilot valve which itself is 
controlled by some speed-responsive elements such as flyballs. The 
lelay valve allows the oil under pressure to flow to either side of the 
servomotor piston to push it for moving the guide vanes to opening or 
closing positions. 

Hi) Actuator or Pendulum—It is usually a flyballs mechanism 
which responds quickly to speed variation. The centrifugal governor 
and the pumps are driven by tapping power from the turbine main shaft 
through belts, geais or an electric motor. The centrifugal governor 
also operates the runnei blade adjusting mechanism in Kaplan tiubmes, 
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iv) Dash Pot and Pilot Valve are the stabilising and the 
compensatory elements. The motion of pendulum’s fly balls is trans¬ 
mitted to the relay valve through dash pot and pilot valve. The dash pot 
prevents sudden or too large opening out or closing in of fly balls, thus 
acting as a damping device. The pilot valve receives the damped motion 
from the pendulum and transmits it to the relay valve. 

v) Pressure Oil Supply— Oil under pressure, ranging from 150 
to 300 lb/sq in., is supplied to the distributing valve by a pumping 
unit. It consists of a rotary (gear or screw type) plunger pump, an 
oil sump tank, and a pressure tank with suitable valves and pipings. 
In some cases there are two gear pumps of different sizes each running 
continuously and connected to a common shaft. The smaller unit 
supplies oil to counteract gradual load fluctuation while the larger 
operates in case of sudden load drops or increments. No pressure tank 
is then required. 

vi) Casing —The mechanisms enumerated above are enclosed in the 
casing which protects them against dust and damage. It also serves as 
an oil sump. 

mi) Governor Driving Mechanism —The centrifugal governor 
and the rotary gear pump are driven by the turbine main shaft through 
belts or gears. In modern units, the governor incorporates an electric 
motor which is energised by a small alternator coupled to the main 
shaft. The motor is designed to respond to any fluctutation of frequency 
caused by a variation of speed of the main unit. 

In very modern installations the alternator and motor have been 
replaced by electrical devices responsive to frequency variation. Precision 
control can be effected by employing electric apparatus extremely 
sensitive to variation of frequency. 

8,7 Working of Oil Pressure Governor (Fig 8.1) —When the 
load on the generator increases, the speed of turbine which is directly 
coupled to generator falls. Now the pendulum or the actuator is driven 


f PU\t\i-spng Fly balls, 

? Fhjball Drive, 

3 Flyball Collar with Flint Slccvt, 
l Pilot Oil Circuit, 

.5 Re la is Valve, 

6 Servomotor, 

7 Pilot Valve Retardation, 
ft Pilot Valve, 

9 Retardation Cam, 

10 Retardation Gear, 

/ / Dashpot Cylinder, 

12, 13 Coil Springs, 

14 Dash pot Piston, 

15 Connecting'Rod, 

16 Fulcrum of Lever 7 



Fig 8.2 Water Turbine Speed Governor and its Operatipg Diagram (Type D, 
Manufactured by J. M. Voith, Heidenheim, Germany) 
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by the main shaft of the turbine. Therefore on reduction of speed of 
the turbine, the pendulum balls occupy the bottom piston with which 
the lever at right hand end,, is raised. This raises the pistons of the 
distributing valve with which the passage for pipeline 1 opens for the 
high pressure oil from the gear pump to pass and to strike to the right 
hand side of the servomotor piston, allowing the servomotor piston rod 
to move towards left. This movement can be transmitted to open the 
nozzle of an impulse turbine or guide vanes of a reaction turbine. If 
the load on the turbine is decreased, the operation explained above 
will be reversed. 

Sectional view with a simplified operating diagram of Turbine 
Governor manufactured byj. M. Voith Heidenheirn (Germany) and by 



Fig 8.3 Walcr Turbine Speed Governor, manufactured by 
Eschcr Wyss & Go Ltd, Zurich 

L Spring 2. Piston 3. Piston rod 4. Crank 5. Shaft 6. Opening Cylinder Space 
V. Gear Pump 8. Small Cylinder 9. Oil Outlet 10. Valve 11. Pendulum 12. Gear 
Pump Drive 13. Lever 14. Plandwheel (small) 15. Screw 16. Gam 17. Piston with 
Spring 17(a). Drain Plug 18. Connecting Pipe 19. Plunger 20. HandWheel, 
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Escher Wyss and Co,’ Zurich (Switzerland), are shown in Fig 8.2 anb 
8.3 respectively. 

8.8 Modern Types of Oil Pressure Governors—The oil pressure 
governor may be of two types— 

a) Gate shaft type b) Actuator type. 

a) Gate Shaft Type (Fig 8.2 and 8.3) —In this type all the 
components of the governor viz , pendulm, dash pot, pilot valve, relay 
valve, servomotor and oil pressure supply are enclosed in a casing and 
form a single integrated unit. This is used for smaller units and the 
governor’s capacity is uplo about 50,000 ft lb (or about 7,000 kg m). 

b) Actuator Type (Fig 8.4 and 8.5)—In this type the servomotor 
or servomotors being of large size are separated from the other 
components. In some cases the governor unit is divided in three parts 
namely oil pressure unit, servomotor unit and actuator, and they are 
normally located at different places in the power station. The governor’s 
capacity in this case is not limited. 



Fig 8.4 Turbine Shaft and one of the Gate Servomotors of Actuator 
Type Oil Pressure Governor, for Haspranget 
Power Plant 

8.9 Different Types of Actuators—The type of governor’s 
actuator depends upon the principle of pendulum operating mechanism. 
The different types are as follows— 

a) Speed-responsive actuator, 

b) Speed cum acceleration-responsive actuator, 

s) Electro-hydraulic or electronic actuator. 

a) Speed Responsive Actuator (Fig 8.2 and 8.3)—Mostly the 
governors are equipped with speed responsive element flyballs. The 
dash pot acts as a stabilizing device. 
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a) FronL b) Back Cover Removed, Showing Electric 

Connection and Wiring 

Fig 8.5 Electro-Hydraulic Actuator for Harsprangcl Power Plant 

b) Speed Cum Acceleration-Responsive Actuator—The pen¬ 
dulum in this case is sensitive to both speed and acceleration. The 

_ f* il- _ ...... . ' . .. ! t 1. ! ....... n n +!•, iVAWI n/flV r\ n n t* /> i r\ 


Read the para c) on page 233 as under :— 

c) Electro-Hydraulic or Electronic Actuator (Fig 8.5)— 

Recently ASEA (Sweden) have developed an electro-hydraulic governor 

in which the pendulum is replaced by an electric circuit which is sensitive 
to frequency. The electrical part is built by ASEA while the electro¬ 
mechanical part, the actuator cabinet, is at present built by NOHAB, 
KMW and Finshyttan, all of Sweden. 

’^^to^ >!lft 1 f ^ l B^SSHFBJ^W^^^PI^WB!Pi!P? > fransfo l rtriecrTrito electric^impulses, 
mainly alternating voltages, which are analysed and mixed. in an 
electron tube governor and so combined that its outgoing impulses 
give positive indications on how the gate mechanism shall be altered 
with regard to direction and speed, so that the desired regulation will 
be ideal. In the so called electro-hyclraulic operating device the impulses 
of the electron tube governor are transmitted by an electro-magnetic 
system to the hydraulic part of the turbine governor. 

The voltage, which is fed into the electron tube governor is taken 
from a source, which has a frequency propor-liona) to the speed of the 
turbine, for instance a pendulum generator. 
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8.10 Governing of Impulse Turbines—-The quantity of water 
ejected from the tuibine nozzle and striking the buckets may be leguJated 
in one of the following ways : 

2 ) Spear regulation, 

it) Deflector regulation, 
and Hi) Combined spear and deflector control. 

The speai and deflector in all cases aie operated by the seivomotor 
mechanism. 

t) Spear Regulation —To and fio movement of the spear inside the 
nozzle alters the ci oss-sectional aiea of stream, thus, making it possible 
to regulate the iate of flow according to the load. Spear regulation is 
satisfactoiy when a relatively large penstock feeds a small turbine and 
the fluctuation of load is small. With the sudden fall in load, the 
turbine nozzle has to be dosed suddenly which may cieate water 
hammei in the penstock. 

ii) Deflector Regulation —The deflector is generally a plate connected 
to the oil pressure governoi by means of levers when it is requiied to 
deflect the jet, the plate can be brought in between the nozzle and 
buckets, thereby diverting the water away fiom the runner and diiecting 
into the tail race. 

Deflector control is adopted when supply of water is constant but 
the load fluctuates. The spear position can be adjusted by hand. As 
the nozzle has always a constant opening, it involves considerable 
wastage of water and can be used only when supply of water is not scarce. 

in) Combined Spear-Deflector Regulation — As both of the above methods 
have some disadvantages, the modem turbines aie provided with double 
regulation which is the combined spear and deflector control. Double 
regulations means regulation of speed and pressure. The speed is 
regulated by spear and the pressure is regulated by deflector arrangement. 

The jet deflector controlled directly by governor, deflects jet from 
runner within a very short period so that no fmther energy is imparted 
to the latter. The deflector engages until the spear has been adjusted 
to a new position of equilibrium. The closing of the spear can thus 
be retarded to avoid undue pressure rise, whilst only the short time 
which the deflector requires to act need be considered in determining 
speed rise and flywheel momentum. The flywheel momentum should, 
however, be sufficient to deal with a sudden increase in load. 

English Electric Go. (U.K) turbines are equipped with diffusor 
(Seewer patent) instead of deflector. 

Working (Fig 8 6)—As the load on the turbine is decreased, the 
pendulum balls occupy the top position, thus moving the bell-crank 
lever towards bottom with which the deflector is brought in front 
of the nozzle, diverting whole or part of the water jet direct to the 
tail race. 

With the movement of bell-crank lever, the roller on the cam is also 
raised. The distributing valve also functions simultaneously thus moving 
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the servomotor piston 
rocl towards right hand 
side (as explained in 
Art 8.7). This reduces 
the nozzle outlet by the 
movement of spear which 
occupies the position so 
that the constant turbine 
speed is maintained. 
With the movement of 
spear rod the cam also 
moves towards right, 
with which the roller 
slips and finally with the 
movement of bell-crank 
lever, the deflector comes 
to its original position. 
The whole of the above 
operation taken place in 
about 50 to 80 seconds. 

Fig 8.7 shows the 
action of Escher Wyss 
governor to accomplish 
double regulation. The 
governor moves the de¬ 
flector 1 whilst the spear 
2 is controlled by the 
regulating rods of the 
deflector. The governor 
is subject to a closing 
force exerted by spring 
3, for the purpose of 
safety, so that in event of 
any failure in the supply 
of oil under pressure the 
deflector 1 is still capable 
of deflecting the jet away 
from the runner wheel. 


Fig 8.7 Double Regulation of a Pelton Turbine 
(Escher Wyss & Go Ltd., Zurich) 

1. Deflector 2 . Spear 3. Spring 4. Servomotor for Gover¬ 
nor 5. Centrifugal Pendulum 6. Spear Servomotor 
7. Piston 8. Gear Pump 9, Control Valve 10. Cam. 


The Governor servo¬ 
motor 4 is controlled by 
the centrifugal pendulum 
5 (See Fig 8.3), The 
spear servomotor 6 also 


has its safety closing spring, whilst for the opening, movement oil 
under pressure from pump 8 is passed through valve 9 in the piston 7. 
The profile of the cam 10 is such that each position of the deflector 
corresponds to a given spear opening, When extra load is put on the 
turbine, the deflector 1 is raised and simultaneously the nozzle 2 is 
opened.’ When the load is thrown off, the deflector diverts the jet from 
the runner in less than a second. 


8 11 Governing of Reaction Turbines—The guide blades of 
a reaction turbine (Fig 8,8) are pivoted and connected by levers and 
links to the regulating ring. To the regulating ring are attached two 
long regulating rods connected to a regulating lever. The regulating 
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lever is keyed to a regulating shaft which is turned by a servomotor 
piston of the oil pressure governor. 



The penstock feeding the 
turbine inlet has a relief valve 
better known as 4 Pressure Regulator\ 
When the guide vanes have to be 
suddenly closed, the relief valve 
opens and diverts the water direct 
to the tail race. Its function is, 
therefore, similar to that of the 
deflector in Pelton turbines. Thus 
the double regulation, which is the 
simultaneous operation of two 
elements is accomplished by 
moving the guide vanes and 
relief valve in Francis turbines, by 
the governor. 

8.12 Relief Valve or Pres¬ 
sure Regulator—It is used as a 
part of the double regulating gear 
for speed control in Francis tur¬ 
bines. The object of the pressure 



Fig 8.9 Relief Valve—Simple Line Diagram 
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legulator is to bypass a portion of tui bine discharge when load suddenly 
diops and in consequence the admission of water to the turbine is 
suddenly ieduced in such a mannei that no gieat increase of pie^suie 
can take place in the pipeline and that the waste of water is a 
minim uni. 


Fig 8.9 shows a simple 
the same principle as that of 
of a spear which opens the 



Fig 8.10 Relief Valve of Pressure Regulator 
(Theoder Bell & Go Ltd, Kiiens, 

Lucerne, Swit^eiland) 

FI-Casing, K-Piston Valve, S-Regulating Val\ e 
O-Dashpot, D-Pawl, ABC—Lever, F-Spring 

this motion and pressure regulator closes gradually. 


line diagram of lelief valve. Having 
a Pelton nozzle, a relief valve consists 
by-pass by a servomotor piston, by oil 
or water pressure. The lelease 
of pressure on the upper side of 
piston, by opening the pilot 
valve, causes the spear to move 
upwards thus closing the by¬ 
pass. 


Fig 8 10 shows a pressure 
legulator manufactured by Bell 
Sc Co Ltd, Kriens (Switzerland). 
The essential parts are the 
casing the piston valve K 3 
the regulating valve S the dash 
pot 0, the pawl D and the lever 
ABC. 

When the load on the 
turbine suddenly drops, the 
automatic governor immediately 
closes the turbine gates. The 
pawl D quickly raises the end C 
of the lever. Tire other end A 
cannot follow quickly because 
of the brake action of the dash 
pot ; and it may be assumed 
that during this period the lever 
turns around A lifting the valve 
S with which it is connected at 
B . Some water escapes through 
valves S and K s the pressui e 
falls below p l because of a filter 
in the small connecting pipe. 
This difference of pressure raises 
the piston valve K and water is 
discharged through the pressure 
regulator, without passing 
through the runner. 

Force exerted by the spring 
F on S pulls the lever down at 
B y and while the end C of the 
lever rests on the pawl, piston 
of the dash pot slowly descends, 
Valves S and K slowly follow 
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If only a small pait of the load is taken off, the regulating mecha¬ 
nism of turbine moves slowly, the piston of the dash pot can follow this 
motion and as the lever turns about B , the pressure regulator does 
not act. 

If the load lises suddenly the dash pot exeits no biake action 
because a non-return valve permits the piston to move freely in one 
direction. Again B is at rest and pressure regulator does not operate. 

Fig 0.11 shows a Francis turbine equipped with a relief valve, 
manufactured by Esther Wyss & Go Ltd, Zurich. 

8.13 Governing of Kaplan Turbines by Double Regulation— 

Double regulation system for Kaplan turbines comprises the movement 
of guide vanes as well as runner vanes. It is employed to ensure the 
most satisfactory relationship between the relative positions of guide 
wheel and runner blades. The single weight pendulum 1 (See Fig 8.12) 
operates thiough valve 2, the guide wheel servomotor 3 and from the 
regulating rods of the guide mechanism, the runner blade 6 are con¬ 
trolled through valve 4 and servomotor 5, Each position of the runner 
blades is brought into an exact relationship with the guide wheel by 
means of earn 7, arranged before the runner distributing val\e 4, When 
the load increases the guide wheel and the runner come into play 
simultaneously whereas on load being thrown off, the guide wheel goes 
ahead and is slowly followed by the runner. The larger sized turbines 
ate equipped with emergency pressure oil pump 8. As long as the service 
oil pressure supply 9 is in order, the emergency pump 8 supplies oil 
without pressure, however, if any breakdown occurs, the valve 10 is 
automatically switched over and the emergency pump 8 delivers oil 
under high pressure immediately to the closing side of runner seivo- 
motor. The servomotor piston 11 is displaced upwaids and tmns the 
runner blades 6 into the closing position quite independently from the 
prevailing position either of the guide wheel or of runner control gear. 
This valve 10 is, however, not only controlled by the pressure oil supply, 
but also by the speed of the turbine. If this speed exceeds a given 
limit, the safety governor 12 closes a circuit and with the aid of 
magnet 13 switches the change-over valve 10 to its closing position. 

8 14 Safety Devices for Penstocks—As the load on the 
generating units varies, the openings of the turbine gates are to be 
changed, depending upon the load, adjusting the rate of flow of water 
entering the runner, Whenever the turbine gates are suddenly closed, 
the water flowing in the long penstock which is on its way to the turbine 
has to be retarded. This leads to a phenomenon known as water hammer 
which causes excessive pressure in the pipe line with which the pipe may 
burst. It is necessary, therefore, to provide the plant with a safety 
device. Such a device may be relief valve or pressure regulator in case of 
Francis turbine (See Art 8.11 and 8.12). However to relieve the penstock 
of its excessive pressure the following devices are also employed— 

a) Surge tank in case of high and medium head power plants, 
where the penstock is very long, 

b) Forebay in case of medium and low head power plants, where 
the length of penstock is short. 

Both of them will be described in the following articles. 
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I jg 8 11 Relief VaKe C omiccted to a Francis Tuihim 
(Manufac turn! bv Fsdiei W^ss & Col id ^ 7utich) 

12 



tig 8.12 Double Regulation ot a Kaplan luibuu 
(Eschei Wvss & Co Ltd /unch) 

I Single "Weight Pendulum, 2 Valve, 3 Guide \\ heel 
Smomotoi, 1 ^l\e, 5 Runnei Blades Suvomolor, 
6 Runnu Blades, 7 Cam, 8 Fmeigencv Pitssuie Oil 
Pump, 9 Service Piessuit Oil Supply 10 Yahf 

II Seivomoloi Piston, 12, Saftn Goveinoi, 13 Magnet, 
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8,15 Surge Tank (See Fig 8.13)—A suige tank is a stoiage 
xeseivoir fitted at some opening made on a long penstock to leceive the 
rejected flow when the penstock is suddenly dosed by a valve fitted at 
its steep end. Surge tank, theiefore, relieves the pipe line of excessive 
pressure produced due to closing of penstock, thus eliminating positive 
water hammer effect by admitting in it a large mass of water which 
othei wise would have flown out of the pipe line. It is necessaiy for 
medium and high head water power plants, especially when the watei 
has to travel a long way from the intake to the powei house. It is also 
used in a large pumping plant to conti ol the pressme variations resulting 
fiom rapid changes in the flow. 



Suige tank also serves the purpose of supplying initial water for 
an increasing load on the tm bines while the water in the pipe line is 
being acceleiated. 

In case of water power plant, when there is sudden i eduction of 
load on the turbine, it becomes necessary for the governor to close the 
turbine gates for adjusting the flow of water m older to keep the speed 
of the turbine constant. However, the water is already on its way to 
the turbine. When the turbines gates aie closed, the moving water has 
to go back. A surge tank would then act as a receptacle to store the 
rejected water and thus avoid water hammer. In other words as the 
demand of water by the turbine is lessj the pipe line velocity must be 
decreased according to the requirement. A suige tank would then 
build up a letarding head which, in turn, reduces the pipe line velocity 
until the flow therein no longer exceeds that lequired by the turbine. 
On the other hand when there is an immediate demand on the turbine 
for moie power, the governor re-opens the gates in proportion to increased 
load, thus making it necessaiy to supply more water. For a long pipe it 
takes a considerable time before the entire mass of water can be accelerat¬ 
ed. Surge tank which is generally located near the tuibine, will meet 
the sudden increased demand for water till such time the velocity in the 
upper portion of the line assumes a new value. 
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For a large pumping plant with a long delivery pipe, a surge tank 
can also be employed to control the piessure variations on the delivery 
side, which result due to sudden shut down or starting up of pump. When 
the pump is started, most of the initial flow from the pump enters the 
sm'ge tank thus reducing the water hammer effects in the delivery pipe. 
On the other hand when the pump is shut down suddenly, the surge tank 
provides extra space to accommodate water which would come back, thus 
relieving water hammer pressure. 

Functions of Surge Tank can be summed up as follows— 

a) Control of pressure variations lesuhing fioni rapid changes of 
flow in penstock, relieving the line of excess 5 ve pressuics, thus eliminating 
water hammer effects. 

b) Regulation of flow in power and pumping plants by providing 
necessary accelerating or retarding head- The more effectively the 
accelerating or retarding head is applied the shorter will be the duration 
of surge, less amount of water will then have to be stored or given up 
by the tank, thereby smaller will be size of the tank required. 

c ) Regulation of turbine speed with the help of ( b ). 

Location of Surge Tank —Theoretically a suige tank should be 
located as close to a power or pumping plant as possible. The ideal 
place in case of power plant is at the turbine inlet, blit it is seldom 
possible in case of medium and high head plants because it will have to 
be made very high. In order to reduce its height, it is generally located 
at the junction of pressure tunnel and penstock (See Fig 8,13) or on the 
side of mountain. 

Surge Tank Types —There are three main types : Simple, res¬ 
tricted orifice and differential. 

a) Simple Surge Tank is a reservoir directly connected to a pipe 

line (penstock) as shown inF ; g8.14. 
In this type of surge tank the accelerat¬ 
ing and retarding heads induced by a 
change of water surface accumulate 
slowly, therefore its action is sluggish. 
It is liable to set up considerable oscil¬ 
lations unless it is of such a large size 
as to render its cost prohibitive. It is 
seldom used in modern practice. 

b) Restricted Orifice Type Surge Tank— It consists of a restrict¬ 
ed orifice (See Fig 8.15) installed between the pipe line and the simple 

tank. With the help of orifice the water 
storage function of surge tank can be 
separated from accelerating and re¬ 
tarding functions. When the turbine 
gates are closed suddenly, a retarding 
head develops by the orifice more 
quickly than with a simple surge tank. 
Similarly the orifice will create a rapid 
accelerating head when additional 
flow has to be supplied by the surge 
tank. With the development of sudden 
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Fig 8,15 Restricted Orifice Type 
Surge Tank 



Fig 8.14 Simple Suxge Tank 
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retarding or accelerating heads, the head on the turbine is liable to 
fluctuate thus making the governor mechanism more cumber some and 
costly. 

c) Differentia! Surge Tank—It is a combination of simple and 
restricted orifice types, with an addition of an internal riser (See Fig 
8*16). 



The riser is of smaller diameter than the connection to the pipe line. 
At the base of the riser there is an annular port, communicating with the 
tank, the area of which is proportional to suit the conditions under which 
the tank is to operate. The water enters the tank through the annular 
port, therefore the function of the tank depends upon the area of this 
port. 


When there is a sudden drop in load on the turbine, the water from 
the pipe line rises immediately in the riser and spills over from its top 
into the tank. This establishes an immediate retarding head on the 
pipe line, as well as a differential head on the port, The differential head 
,’s responsible for forcing the water by the turbine, through the port into 
the tank. Due to restriction of flow through the riser there will be 
frictional loss which dissipates a pait of increased pressure, 

When there is a sudden demand of water by the turbine, the water 
level in the riser falls rapidly, thus developing an immediate considerable 
accelerating head on the pipe line. The additional water requited is 
supplied by the tank slowly through the ports at the base of the riser. 

Referring to Fig 8.16— 

For steady turbine load, the velocity variations in the penstock do 
not exist, then the pressure gradient is normal i.e. Oaa x for increasing 
turbine load, the water is being drawn and therefore the gradient takes 
the shape of Occ v 

For falling turbine load, extra water is pushed to the tank and then 
the gradient is shown by Obb } . 

Largest Differential Tank of the World till today is at Wallen- 
panpaclc (Pennsylvania, USA), made of steel, 55 ft diameter, 135 ft 
high, having a storage capacity of 2'4 million gallons. 
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Differences Between Simple and Differential Surge Tanks—. 

1) The capacity of the differential suige tank is less than the simple 
surge tank for the same stabilising effect* because a considerable retarding 
head is available in the former* while in case of latter the head builds 
up gradually as the tank 611s. 

2) In the case of simpe surge tank the heads which builds up is 
the accelerating head, but in case of differential tank the head in the 
surrounding tank is independent of the accelerating head as well as of 
the head acting on the tuibines. This is due to the restricted flow of 
water through the riser. 

8.16 Forehay — Like surge tank, a forebay is a storage reservoir 
at the beginning of penstock. When a hydro-power plant is located 
at the end of a canal (See Fig 5.4), a forebay is made by enlarging the 
canal at the intake to the penstocks. The functions of the forebay will 
thus be to store the rejected water when the load on the turbine is 
reduced and to supply the initial water for an increasing load, while 
the water in the penstock is being accelerated. 

UNSOLVED PROBLEMS 

8.1 What is governing and how is it accomplished in different types 
of water turbines ? 

8.2 State the difference between the governing of different prime 
movers. 

8.3 State the different types of water turbine governors. 

8.4 What is the function of a governor in a water power plant ? 

(Jadavpur University — 1955) 

8.5 What should be the qualities of a governor ? 

8.6 Describe the following qualities of a governor— 

a) Sensitiveness, e) Hunting or Racing, 

b) Rapidity of Action, f) Capacity, 

c) Stability, g) Speed Regulation, 

d) Isochronism, h) Governor's Time. 

8.7 State the principal elements of a water turbine governor. State 
each dement together with its components. 

8.8 What is hydraulic return motion gear in a water turbine governor ? 

8.9 What is the function of the following in water turbine governor— 
Relay valve* Dashpot, Pilot valve ? 

8.10 What is an oil pressure governor? Draw a line sketch and 

describe its principal components. (AMIE — May 1955) 

8.11 Why is the oil pressure governor employed to control the speed of 
water turbine? Show by help of a line sketch the different parts 
of the oil pressure governor and describe them briefly. 

0,12 Sketch and describe a modern method of regulation to maintain a 
constant speed for either 

a) a Pelton wheel or b) a Francis turbine. 

(AMI Meek E—Oct 1954) 
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8.13 Show with the help of a line slcetch how the speed of a icaction 

water turbine is governed by servomotor. ( AAIJE — Nov 1954) 

8.14 What are the different types of oil pressure governors ? 

8.15 What are different types of actuatois ? Describe them briefly. 

8.16 Describe how does the electro-hydraulic or electronic actuator woilc. 

8.17 What is the necessity of double control regulation and how it is 
effected in different types of water turbines ? 

8.18 What is the difference between a deflector and a pressure regulator 
in water turbine ? 

8.19 What is the function of a pressure regulator ? (AMIE—May 1955) 

8.20 Describe briefly how the governing of a Kaplan tuibine is carried 
out. 

8.21 What is surge tank and a Forebay and what aie their function 

8.22 Describe differential type surge tank. How will you differentiate 
it with that of simple type ? 
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A. Turbine Models 

9 1 Turbine Models and Their Testing—Water tuibines are 
usually laige-sized units They are manufactured for specific conditions, 
therefore it is not possible to pioduce them on mass scale, If the 
turbines aie tested aftei the manufacture is complete, then 

a) the extensive tests on piototype machines ate veiy costly and 

take a long time to conduct them, 

b) the test lesults on prototype machines may not tally with the 

design data, supplied to the manufacture!s. To change the 
dimensions and size of the turbine at this stage will be very 
costly, 

c) There are hydraulic limitations to the test peifoimed on the 

piototype — 

i.e. y i) it is not possible to vaiy the head 
it) the speed of the unit is constant 

in) the bad available may not be as steady as is desired 
for accurate observations. 

Hence due to these reasons it is essential to make a turbine model, which 
is geometrically similar for carrying out the tests in Older to predict 
the behaviour and working conditions of the full sized turbine. The 
actual turbine and the model are identical in shape and all parts viz 
spiral casing, guide mechanism, runner and chaft tube of the one 
are geometrically similar to the corresponding pails of the other. 

Model should be of a suitable size so that it can be conveniently 
tested in the laboratory. Too small a model may be difficult to manu¬ 
facture accurately and also it may not give accurate results, It is 
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theiefoie desirable to make a turbine model having an output of not 
less than 5 BHP and not more than 50 BHP. 

Hence model tests as a substitute for tests in the field are justified 
on the giound of accuracy, comprehensiveness and convenience. 

9 2 Conditions of Geometrical Similarity- -Geometrically 
similar turbines must satisfy the following conditions—* 

i) Theoretical specific speeds must be equal. 

Thus JV^i== ...(9,1) 

i) The specific speed depends upon brake horsepower (BHP) which 
is obtained by multiplying the available powei by the turbine overall 
efficiency (/]*)■ Now /] t of model and that of prototype aie not exactly 
the same, as pioved later on. Theiefoie strictly speaking the specific 
speeds of model and prototype should not be equal. Theoretically it is 
assumed that the oveiall efficiencies of model and prototype are equal, 
then it can be said that theoretical specific speeds must be equal. 

Due to the leason explair ed above, it is better to use non-dimen¬ 
sional factoi K\ which will be equal for the model and the actual-sized 
turbine as it does not contain the tmbine overall efficiency (See 
Eqn 5 2). 



k, =a; 

5 »i s a 

...(9.D) 

n) Velocity triangles foi the model and the 
similar Thus, velocity constants- 

tmbine should be 


T 

c 

Ml 

.. (9 2a) 



...(9 2 b) 


^ )i« ~ % ^ 

...(9.2 c) 


(h i l) w ^)w == CtC 

,..(9.2rfJ 

m) The specific flows or the rates of flow per unit head and unit 
inlet diameter of runners should be the same for similar (uibines. 

Thus, 

(Q.ll)m'- (GLll)a 

...(9 3) 

Where 

0 

~ U= 2V. y h 

. .[See Art 3.14(0] 

iv) Runner 

exit and extrance diameters should be proportionate. 

Thusj 

f Ds> ) =7 D * ) 

\ s ,}V \ D\ ' it 

...(9.4) 

Also, since 

D 2 

A ~K Ui ’ 



*(1) Symbols have then usual meanings. Suffixes m and a aic used foi the model 
and actual tuibines respectively. 

(21 See Chaptci 3, 
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(a =(a 

± tn 1 « 


...(9.5) 


v) The efficiencies 73 ^ and 7 }^ for the two tuibines should theoreti¬ 
cally be equal. In practice, however, it can nevei be realized. Since 
the frictional factor f of the turbine is different from that of its model; 
Reynolds 5 Number R g is also diffeient. Usually f tn >f a , 

Now, Relative roughness 

Sm > ...(Ait 3.5) 

and R* <R e 




...(9.6) 


Since the leakage loss in the model is relatively more than in the 
actual tuibine, 




...(9.7) 


Similarly the mechanical losses of the model are lelatively more 
than those of the full size unit. 


'(]ni6ch a 


*1 


...(9.8) 

...(9.9) 


9 3 Relation Between the Characteristics Data of a Turbine 
and those of its Model—Let the scale of the model be iu Then the 
full size turbine is n times bigger than the model. 

TT 


And n= —Also sometimes n= -tv—' 

V hn H » 

The following quantities are measured during the model tests ; 

> Q,m > Nm , Pa w , Pt m cind Y}^. 

From these, the corresponding values for actual turbine can be 
obtained as hereunder : 


i) Speed of Turbine : 


« . D la . N a 


ir . D 1 . N m 


" 60 . \/2g * V H a 60. V2 q * V H m 

D i m * /~sr 

Na= ~Dr • V Nm 


...(9.10) 


=—V n ..N m 

n 


... (9.10a) 
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ii) Rate of Flow : 

For similar turbines 

(.Q.n)a = (dn)m 

(L _ 

O - a / ~ 

or °~ a ~ • V M» 

= « 2 < V n . dm 

• « da =r “ « dm 

til) Available Power : 

(Pa)a = Wa . da • tffl/550 
and * dm * -^m/550 

• (fg)q da 

a)m ^7?t dm 

If same fluid is used, w a —w m 


, , r {Pa)a Qa 

and, therefore Tjr\ ——a— . tt" 

t* a)m m 


D '\ 


0, 


(ik) 

• V H m J 


(?„)« = »' • (Pa), 


.. (9 11) 


...(9.11a) 


...(9.12) 

...(9.12a) 


to) Brake Horse Power : 

In general, P t =P a . v) t =P« . t) H . i) Q . Y),,,** 



v ) Efficiency s Efficiency of the turbine is usually calculated from 
the model efficiency by means of empirical lelations. The following 
relations are in vogue to-day : 

a) Dr. J. Ackeret (Switzerland), 1930, formula— 



.. (9.14) 
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b) Prof Moody (USA), 1942, modified formula— 

A** 


r >H n 


1 - 




’h.AS 


n i 


c) Dr R Gregorig (Switzerland), 1933, formula 










/?. / 




-ca 


...(9.15) 


...(9.16) 


/) Dr S. P. Hutton* (England), 1954, formula— 




...(9.17) 


Ackeret and Hutton formulae would be more useful for Kaplan 
turbines. In the above formulae — 

„ \Z2gH. D 1 . ... . w . 

R A — -- where, v = Kinematic Viscosity 


and =- ~r~ p--— where v m = Velocity of flow of water 

w 3 V2g // 3 at ^ ie ou t] e t 0 f draft tube. 

Pi'oblem 9.1 A turbine model having the following specifications 
was made to perdict the behaviour of the actual turbine : 

Pi=15‘8 HP //-12 ft jV=474 rpm 

Model scale h—10 

Determine the speed of the actual turbine runner and its power 
developed if the overall efficiencies of the turbine and its model are 
equal. Find the type of turbine of which the model was made. 

Solution 

Dl a H a 

Model scale = 10 

1 m m 

where V and < m i denote actual sized turbine and model turbine 
respectively. 

H a —U)X H m = 10 X 12=120 ft Answer 

a) As the overall efficiencies of the turbine and its model are same, 
their specific powers must be equal, 

(A 11 )a=(A 11 ) m 
A, /Y 


D* . Hi DS . Hj 


n 2 3 

fZlL\ 
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=P t . n 2 . n i = P i 


= 15-8 XIO’ = 15-8 x 1,000 x 3' lfi 

— 50,000 HP Answer 

b) For similar turbines the speed ratios are equal. 

(K Ui ) a =(K ai ) m 

% . D, . jV fl tc . D, . M m 


60 . y/'lg 


or 


VH a 60 . V2 g ■ V H m 

Dl m /~H7 

x V 


M„ 


... (See Eqn 9.2a) 


y/ n 


M„, 


474 474 

— .—-= —7^-=5-rT=150 rpm 
V n VlU 3-16 1 

c ) Specific speed of any of the turbines : 

,, ,, 150 x y/ 50,000 150x223 5 _ 

*A/g N ■? '— 6 " 1 OA OiQ 1 —84 5 


(See Eqn 9.10) 
Answer 


i20‘ l 


120x3*31 


the turbine is of Kaplan type. Answer 

Problem 9.2 The runner of a Felton turbine installed at Tata 
Hydro-Electric Go Ltd, Khapoli, was built according to the following 
specifications : 

P*= 17,100 HP H= 1,685 ft 

£L=104 cusecs jV=300 rpm 

Find the specifications of a one-ninth scale model of this turbine, 
assuming the efficiencies of the two turbines to be the same. 

Solution 

Model scale ««= 9 


a) Head under which the model turbine would work : 

H* _ 1,685 
H m ~ H m 

//,„=- l ’ 6 £ 5 = 187'2 ft Answer 

b) Speed of the model turbine : 

{Kxi^a = {Kv, .,.(See Eqn 9,2a) 

/. Nm^V n .N a ~‘\/ 9 X300 

= 900 rpm Answer 

c) Rate of flow for the model turbine : 

(Q,u)a=(£in)m 


.-(See Eqn 9,3) 
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di ~m I I,,, 1 „ /IV /IV 

*‘* d^Cla ♦ r/ 2 ■ " l • ( „ ) • ( „ ) 

a Hq. “ 

() a _ 104 _ 104 _104 

"o'; ‘ 81 x3 243 

= 0 428 cusecs Answer 
d) Power developed by the model turbine : 


1 1 / tt* 

or 

3 

1 1 

d x ~ 

A a 

hi $ // 2 77 v 


2 

\ ( ' 


U. 

) ■ ( H a , 

) - F ‘a * V 

tr 

,100 

_ 17,100 _ 

=7*82 HP Answer 

i 

9 5 

81x27 = 



Pt=Pt t 


Specifications of the turbine model- 
Pi=7 82HP, H=187‘2 ft 

Q==0’428 cusecs } N = 900 rpm 


Answer 


Problem 9.3 A model turbine is provided with a runner 2 ft (or 
0*61 m) in diameter. It is found to develop 64 HP (or 65 Metric HP) 
under a head of 100 ft (30*48 m) when running at a speed of 4,000 RPM. 
Calculate the specific speed and unit speed for this model. It is required 
to build a similar turbine to develop 200 HP (or 203 Metric HP) under 
a head of 120 ft (or 36*6 w). Calculate the required diameter. Prove 
any formula used. (Punjab University — 1953A) 

Solution 

An=2 ft (or 0*61 in) H m = 100 ft (or 30*48 m) 

P tm = 64 PIP (or 65 Metric HP) JV m -4,000 RPM 

P tn =200 HP (or 203 Metric HP) P/ fl =120 ft (or 36*6 m) 

\ / ~Pt~ 


Specific speed of model JV a = 
4,000 X \/ 64 


or = 


4, 000 X V 6 5 
30*48* 


: 101*3 (FPS Units) Answer 


= 450 (Metric Units) Answer 


Unit speed of model jY 1 = — !!!=- 
m VH m 


j^or Mi 


m V30-48 


M,n _ 4)000 

V10G 

= 400 (FPS Units) Answer 
— 726 (Metric Units) Answer 
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Now, the specific powers of the similar turbines aie equal, 

P t P, 

l a T vx 

d a -.hJ Dj.nJ 

or A.— V B\ n . 

2 3 X 

=3'09 ft = 3 

or D a = / \/ 0'61 2 x^ =0'94 m or 940 mm Ansuer 




ft — 1 in. Ansuer 


See Art 3,13 and 3.14 for the proofs of the formulae used above. 


Problem 9.4 A quarter scale tuibine model is tested under a 
head of 36 ft. The full scale turbine is required to work under a 
head of 100 ft and to run at 428 RPM. At what speed must the model 
be run and if it develops 135 HP and uses 38 cu ft/sec of water at this 
speed, what power will be obtained fiom the full scale turbine, assuming 
that its efficiency is 3 per cent better than that of the model ? 


State the type of runner used in this tuibine and explain briefly 
why the efficiency of the full scale turbine should be better than the 
efficiency of the model. 

(.London University—July 1949) 

Solution 


Scale ratio 


n— 4= 


At 

D m 


H m = 36 ft 
P t =135 HP 

m 


H a =100 ft 
JV„=428 RPM 


6,«i=38 cfs 


• / l*= v )m+3% 


a) Speed ratios of the model and the prototype are equal. 


(A, >=(*■«> 


...(See Eqn 9.2 a) 


or 


-&-V 

= 1,027 RPM Annver 


V __36 
100 


b) 


Efficiency of model: 


Q,m ■ 
550 


H m 


' fihn 


-550X133 

or Q, m . H m ~ 62-4x38X36™' 0-157 

;. = 0'87 + 0'03=0 , 9 or 90% 
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Now, specific speeds of the model and the prototype are equal, 


JV S — J\ s 


...(See Eqn 9.1) 


and JV s 


= JV “ • = 1 ,027 x a/ 135 ==136= 


T 

H 1 

11 m 

2 

JV. ■ TV 


TV S 


V V-H 

But ’K. > ^ 


36 t 

JI36_xl00^ 

428 


= 10,080 IIP 

...(See Eqn 9.9) 


Required Power obtained from the full scale turbine 
90 

■= 10,080 X 10,400 HP Answer 

o/ 

c) As jV*= 136, type of runner used is Kaplan, Answer 
cl) For explanation to r\t a > Y)t w , refer to Art 9.2 (fl). 


B. Selection of Hydraulic Turbines 

9.4 Preliminary Data—Three important types of hydraulic 
turbines viz, Pelton, Francis and Kaplan, are in vogue today, Propeller 
turbines are also employed at some places. A hydraulic turbine is 
always selected and designed to match the specific conditions under 
which it has to operate in order to attain a high order of efficiency which 
is expected in present-day installations. The following preliminary 
data are required while selecting the different types of water power plant 
which will ultimately effect the right type of selection of hydraulic 
turbine. 

a) Selection of site depends upon— 

*) availability of head and discharge, 

it) places of power shortage, 

m) power-deficient periods, such as peak loads. 

b) Field Information depends upon— 

i) Estimation of power available from rainfall and stream flow 

records, 

ii) Ultimate development of power—The power plant should 

not be constructed just to meet the immediate needs, and 
ultimate development of the place must be kept in mind, 

in) Proportion of available potential that can be economically 
developed, 

iv) Supply of accurate field data. 

Improper and unsuitable selection means— 

i ) High initial costs, 

ii) Low efficiency which will reduce the revenue thus impairing 

the earning repayment-ability of plant, 

Hi) Unit may be such as has excessive operating cost and is 
difficult to control. 
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9.5 Selection of Type of Hydraulic Turbine —The following 
points are important for the selection of right type of hydraulic tuibine 
which will be discussed separately. 


a) Specific Speed 

b) Rotational Speed 
e) Efficiency 

d) Part Load Operation 

e) Oveiall Cost 


/) Cavitation 

g) Disposition of turbine shaft 

h) Number of units 

i) Head 


9.6 Specific Speed —From the field the main data available are— 

a) Head and b ) Discharge. 

It has been found from experience that there is a range of head 
and specific speed at which each type of turbine is most suitable. Certain 
curves shown in Fig 9.1, representing jV 3 vs H have been drawn from 
experimental data for all types of water turbines. The head H being 
known from the field data, an appropriate value of N s can be determined 
from the above curves. However for a particular head different values of 
specific speed may be available. The selection of right type of specific 
speed is a matter of experience. It is a common practice to select a high 
specific speed runner which is always economical because the size of the 
turbo-generator as well as that of the power house will become smaller. 


High specific speed is essential where head is low and output 
(BHP) is large, because otherwise the rotational speed (jV) will be 
very low which means cost of turbo-generator and power bouse will be 
high. On the other hand there is practically no need of choosing a 
high value of specific speed for high head installations, because even 
with low specific speed, high rotational speed can be attained with 
medium-capacity plants. 


High specific speed means greater value of cavitation factoi, 
explained later. 

9.7 Rotational Speed depends on specific speed. From the 
equation of specific speed (See Eqn 3.39) it is evident that the specific 
speed is directly propoitional to the rotational speed of the turbine. Also 
the rotational speed of an electrical generator with which the turbine is 
to be directly coupled, depends on the frequency and number of pair of 
poles (See Eqn 6.9). The value of specific speed adopted should 
be such that it will give the synchronous speed of the generator. 

If the rotational speed is high, then for the same power the 
following considerations are important— 

a) Civil Engineering Considerations —The hydraulic turbine will have 
a smaller size, which is less costly. Also the size of the 
generator is small, because the number of pair of poles is 
less. Smaller units will occupy less space and the installation 
and excavation costs are less. 


b) Hydraulic Engineering Considerations —Higher specific speed turbine 

is generally more liable to cavitation, thus involving deeper 
excavation and consequently more costly foundations. 

c) Mechanical Engineering Considerations —Mechanical design is in¬ 

fluenced by centrifugal forces which are set up at higher speed 
in the revolving parts, which will have to stand more severe 
stresses. 
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Fig 9.1 Specific Speed vs Head 
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d) Metallurgical Considerations— Suitable inaleiial may have to be 
manufactured by special nietalliugical processes. 

9.8 Efficiency—The turbine selected should be such that it 
gives the highest oveiall efficiency for vaiious operating conditions. 
The turbine is noirually designed to give maximum efficiency at the 
rated head, which is the estimated annual mean net head available. 

9.9 Part-Load Operation—The turbine may have to cope 
with considerable load variations. As the load deviates from normal 
working load, the efficiency would also vary. In general the efficiency 
at part-loads and over-loads, is less than normal. For the sake of 
economy the turbine should always mn with maximum possible efficiency 
to get moie revenue. 

With part-load opei aliens, the maintenance cost is also inn eased. 

9.10 Overall Cost—Cost is a major item. Cost may be subdivided 
broadly into initial cost and naming cost. In the estimation of initial 
cost, both manufacluie and installation should be kept in mind. The 
running cost includes the maintenance and overhead charges, the cost 
of operation, repair and replacement. The influence ol speed, efficiency 
and part-load opei aliens, described above, is a guiding factor in the 
selection of water turbines. 

9.11 Cavitation—-Cavitation effects the installation of water turbine 
of reaction type, over the tail race level. The critical value of cavitation 
factor must be obtained to see that the turbine works in safe zone. Such 
a value of cavitation factor also effects the design of turbine, especially 
of Kaplan type. 

High specific speed increases the value of cavitation factor. There¬ 
fore the specific speed and the suction head must have proper relation 
to the net working head, if satisfactory performance and life of vital parts 
are to be assured. The cavitation factor determines whether the turbine 
is to be placed above or below tail race water level. It is always 
advisable to avoid the undue depth of excavation for the power house 
foundations, so that the cost may not be very high. If the turbine 
is installed below tail race level, the water has to be pumped out every 
time the inspection or repair is made. However for Kaplan or propeller 
turbine, in order to bring the working within safe zone, it becomes 
essential to install the runner below tail race level. It has been explained 
above that high specific speed is necessary to reduce the size of turbine, 
generator ami power house, but on the other hand such a turbine has 
to be installed below tail race level. The experience has shown that 
the economy secured by increase in specific speed is so high, especially 
in case of low head plants, where the size of machinery is lelatively 
large, that it becomes necessary and advantageous to adopt high specific 
speed turbines and to sacrifice the easy access to runner. 

9.12 Disposition of Turbine Shaft—A vertical shaft turbine 
will require deeper foundations and a high building. On the other 
hand horizontal shaft turbine will need a greater floor area. Experience 
has shown that the vertical-shaft arrangement is better for large sized re¬ 
action turbines, therefore it is almost universally adopted. In case of large 
size impulse turbines, horizontal-shaft arrangement is mostly employed. 

9.13 Number of Units—The following points must be borne in 
mind to determine whether a multi-unit plant is required— 
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a) Cost—If the units aie large, the cost pei kilowatt for hydro¬ 
electric power plant of a given capacity does not vary much with the 
number of units. Generally speaking the cost of power house and its 
foundations increases with the number of machines installed, but not m 
direct proportion. When more than one machine is installed they should 
be of the same capacity so that their parallel running is more stable and 
also some economy may be achieved by standardization of spare parts. 

The running costs will be lnghei for a multi-unit plant. 

b) Load Supply —Due to the variation of load, the turbine may be 
required to opeiate at low efficiency. Multi-unit plants can efficiently 
meet large variations of load by varying the numbei of units in seivice. 

The multi-unit plant is useful for peak load conditions. 

For a plant belonging to inter-connected system, the multi-unit 
plant is more economical. 

9.14 Head— a ) Very High Head (about 1,100 ft or 350 m and 
above) ; For heads greater than 1,100 ft (oi 350 m), Pelton turbine is 
generally employed and theie is practically no choice except in very 
special cases. 

b) High Head (450 ft to 1,100 ft or 150 m to 350 m) : In this 
range eithei Pelton or Francis turbine may be employed Fig 9.1 shows 
approximate values of specific speed (JV 3 ) against head (//). The curve 
has been drawn foi existing installations. For higher specific speeds 
Francis turbine is moie compact and economical than the Pelton which 
for the same working conditions would have to be much bigger and rather 
cumbersome. 

For heads ranging from 800 to 1,100 ft (or 250 to 350 m), discharge 

velocity of water is rather high and to 
restrict the loss of head, necessary 
draft tube installations become com¬ 
plicated. Pelton tuibine is therefore 
preferable, as it is also stronger mech¬ 
anically. Fuither the efficiency of 
Pelton turbine is less sensitive than 
that of Francis towards variation of 
load and head. Fig 9.2 illustrates the 
variation of turbine efficiency with 
load. Whenever the operating condi- 

n o n • r -n r r tions vary over a wide range. Pelton 

F]g 9 2 Gompanson of Performance of . . . 7 „ , . ® 1 

Pehon and Francis Tuibmes turbine is preferable. 



c) Medium Heads (180 ft to 450 ft or 60 m to 150 m) : In this 
range a Francis turbine is usually employed. Whether a high or low 

specific speed unit would be usedj 
1 /^fow^Ns) depends on the selection of speed 
s-Kaplan —]“"*“•%/ which has been previously dis- 

\ /I_ _ -i ^_\ cussed. 

E d) Low Heads (under 180 

/ / / \ \\ \ ft or 60 m) ; Both Francis and 

4 / / / '^FRANCIS ' Kaplan turbines may be used for 

! / / Khlgh Ns) heads fiom 90 ft to 180 ft (or 30 

' / / j /_!oo % t0 60 m). The latter is more ex- 

—- p .. . - Jul -!-pensive but yields a higher effi- 

% of Fu H Load ciency at part-loads and over- 

Fig 9 3 Gompanson of Performance of loads. ^ It is therefore preferable 

Fiancis and Kaplan Tuibmes for variable load. (See Fig 9,3). 


^FRANCIS 
(high N«) 


% of Fu *l Load 

Fig 9 3 Gompanson of Performance of 
Fiancis and Kaplan Tuibmes 
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Kaplan tuibine is generally em¬ 
ployed for heads under 90 ft (or 30 m). 

In this lange Fiancis turbine would be 
an exception. Piopellei turbines are, 
however, commonly used for heads up 
to 50 ft. They are adopted only 
when there is practically no load 
variation (See Fig 9.4). Propeller 
turbines are definitely cheaper than 
Kaplan turbines because the former 
dispense with the runner blade 
adjusting mechanism. 3 "ig 94 Compuison of Performance 

of Kaplan and Pioptller Tui bines 

Problem 9.5 The quantity of water available for hydio-electric 
station is 9,200 cusecs (or 260 m 3 /sec) under a head of 5 6 ft (or 1 71 m) 
Assuming the speed of the turbines to be 50 ipm and their efficiency 
82%, deteimine the least number of turbines of Kaplan type, all of the 
same size, that will be needed if tui bine specific speed does not exceed 
100 FPS Units (oi 300 Metiic Units). Whal would be the output of 
each tui bine (Punjab University—September 1954) 

Solution 


Qj=^ 9,200 cfs (oi 260 m 3 /sec) 

JV= 50 ipm 

JV,= 180 FPS Units (or 800 Metric Units) 

N. \/PT 

r> 

H* 


//=5 6 ft (or 171 m) 
iJi-82% 


Specific speed JV 0 ' 


or 




( 180 x5-6^ \ a 
. ... 4 50 ) 

= 960 HP per turbine Answer 


_ ° r ? <-( 


800 X 1 71 T 
50 


) =975 Metric HP per turbine Answer J 


Turbine output P t = w ' • Vt BHP 


or m Metric' Hpl 


or 


But 


ft— 


75 
550 . Pi 


550 X960 1 
w . II . 62‘4x 5-6X0 82 

r r>~ 75 - Pt — L 5 x i 75 

L° rti W .H, 7)t "1,000x1-71 X0-82 
Q,= 9,200 cfs (or 260 ?« 3 /s>ec) 

9,200 


[° 


Number of Kaplan turbines required^ 
or No. of tui bines = — ^ 5=5 Answer J 


1,840 


-=1,840 cfs 
= 52 m 3 /sec J 

5 Answer 1 
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Problem 9.6 A power plant is to be built on a river having rate 
of flow of 2,370 cusecs and utilising 42 ft of head. The speed fixed by 
the electrical company is 166*67 rpm. The efficiency of the turbine is 
90%. It is fuither seen that the specific speed of 76*7 ipm would be best 
for the hydro-plant. Selection of water turbine is to be made from the 
following data meant for the icquired specific speed and calculated for 
the unit head. 


./Y s = 76*7, H—l ft 


Dia of runner in in. 

54 

57 

1 

1 60 

63 

66 

HP 

7*8 1 

1 

87 

1 

! 9-6 

10-6 

11-6 

rpm 

27*4 

26 0 

; 

247 

23-5 

22'5 


Find out— 

a) the type of the turbine runner, 

b) the number of turbines required, 
and c) the diameter of the runner selected. 


Solution 

2,370 cusecs 
7 V—166*67 rpm 
J\%=76" 7 


Now specific speed 


jV.« 


J \ r . VPt 
H 1 


42 ft 
Yj =0'9 


or 

or 

Unit power 
Unit speed 


76*7 = 


166 67 X \/P t 

24 ? 


7^=2,420 HP per turbine 
Pi~ 

TVi- 


Pt 

__ 2,420 

— 8*9 

m 

42" 


N 

166-67 

= 25-7 


— X 

42 8 



a) Type of runner is Kaplan* because specific speed is 76*7 Answer 

iv. a .h 


b) Turbine output P t 
550 . P t 


550 




or 


Or 


w . H . vj t 


550x2,420 KCr 
62'4x42x>9 ~ 36j CUSeCS 


Number of units = 


2,370 

565 


= 4'2 = 4 units Answer 
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c) For a unit power of 8'9 IIP, select the diameter of iminer as 
60 in fioiii the above table. If an intcimediate runner is available, 
then calculate the chametei by intcipolalion. 

Let x be the requited diameter of iiuinei in inches. 

2h‘0—24 , 7__G0-57 
1 1CU 2fj'7—24-7* 60 —a: 

1 3 3 

or 1 " b0-.r 

or G0-.r=- 3 =2*3 

1 *j 

.v=60—2*3—57*7 in. = 57J in. Answer 

UNSOLVED PROBLEMS 
(A) Turbine Models 

9.1 Why is the turbine model manufactured ? 

9.2 What are the conditions of making the tin bine models ? 

9.3 Show that the speed of a turbine model is \/ n times the speed 
of its piototype, The piototypc tin bine is n times bigger than that 
of its model. 

9 4 Show which one is correct and give reasons in favour of your answer: 
“The efficiency of a tui bine model is less, equal or moie than 
the prototype.” 

9 5 A model of a water turbine develops 25 HP when working under 
a head of 15 ft and lunning at 400 rpm. 

Deteimine the HP of the actual tut bine if the working head 
is 120 ft and model scale is T l „ the actual turbine. What is the 
lpm of the actual turbine? Assume the efficiency of the model 
as well as that of actual turbine to be the same, 

(56,500 HP ; 136 rpm) ( Jadavptir Unioeisily — 1958) 

9.6 A model Francis turbine made to 3 th scale, when tested gave 4'1 
BFIP at a speed of 360 ipm under a head of 6 ft. Calculate the 
equivalent speed and power of full si/.e turbine when working 
under a head of 20 ft. Find also the ratio of quantities of water 
flowing through the turbine per second, 

(131 rpm ; 627 BHP ; 45’7) (Madias University — 1952) 

9.7 A model having a scale ratio of T V is constructed to determine the 
best design for a Kaplan turbine to develop 10,000 BHP under a 
net head of 30 ft when running at 100 ipm. If the head available 
at laboratory is 20 ft and the model efficiency is 88%, find— 

a) the correct running speed of the model, 

b ) the flow required in laboratory in cusecs, 

c) the BHP of the mode], 

d) the specific speed in each case. 

Prove any formula, you use, 

(816 rpm ; 27*2 cfs ; 54*2 BHP ; 142*2) (Delhi University — 1957) 
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9.8 Laboratory tests are to be carried out on a model to determine 
tiie best design speed for a Francis turbine to develop 40,000 HP 
under a net head of 800 ft when running at 500 rpm. If the 
available head at the laboratory was 100 ft and discharge 5 cu&ecs, 
assuming an overall efficiency of 88%, find— 

a) suitable scale ratio for the model, 

b) running speed of model, 

c) the HP of the model. 

Prove any formula you may use. 

(6 ; 1,060 rpm ; 49 HP) ( AMI Mech E — 1956) 

9.9 A model test of a 16 inches water turbine runner was carried out 
under a head of 25 ft and gave the following best results : 

Discharge = 17 5 cusecs ; 

Speed =400 rpm ; 

Output =39 8 HP. 

a) Find the specific speed, unit speed, unit power, unit discharge 

and efficiency of the runner, 

b) State the type of runner, 

c) If a 40 inches runner of the same design is used under a head 

of 150 ft, determine the speed, discharge and horsepower for 
the same. 

[(fl) 45*3 ; 80 rpm ; 0 3182 HP : 3*5 cfs ; 80*4% (b) Fast Francis 

{c) 392 rpm ; 268 cfs ; 3,650 HP] (Jadavpur University —1956) 

(B) Selection of Turbines 

9.10 What kind of preliminary data is required for the selection of water 
turbines ? 

9.11 On what factors selection of site for hydro-power plant depends ? 

9.12 What kind of field information is needed to make the right type of 
selection of a hydro-power plant ? 

9.13 What difficulties will arise, if the selection of turbine is unsuitable ? 

9.14 On what factors the selection of different types of water turbine 
depend ? 

9.15 How do the rotational speed and cavitation effect the selection of a 
water turbine ? 

9.16 What type of turbine will you select for head of (i) 600. ft s(*Y)i2Q0ft 

(m) 60 ft. [Pilani — 1953) 

9.17 Discuss the considerations which govern the type and size of turbines, 
to be installed in a hydro-electric power station. What considerations , 
are favourable for the use of 

a) Propeller turbines and 

b) Other type of reaction turbines ? 

(Punjab University — 1954A) 

9.18 Sketch a typical layout of a low head hydro-electric power station 
fitted with Kaplan turbines i.e., having variable pitch propeller 
blades. Compare this type of turbine with a fixed blade propeller 
turbine and Francis turbine for this application. 

(AMI Mech E^Oct 1954) 
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9,19 It is required to develop 1,00,000 BHP by a number of water 
tin bines. Each of the tuibine tuns at 166 7 rpm when working 
under a head of 98 ft, Find the number of turbines to be employed 
if the specific speed of each turbine is 100. 

(3) (Roorkee University — 1958) 

9 20 The quantity of water available for a hydro-electric station is 9,200 
cusecs under a head of 5*6 ft. Assuming the speed of the turbines 
to be 50 rpm and their efficiency 82%, determine the number of 
turbines required. Assume a specific speed of 200. 

{Madras University — 1957) 

9.21 A hydro-electtic station is installed to utilise 1^000 cfs of water of a 
river at a head of 25 ft. If 85% turbine efficiency can be 
counted on, 

i) is it feasible to develop this power by two turbines with rpm 
not less than 50, the turbine having specific speed not greater 
than 100 rpm s 1 

it) what type of runner will be used ? 

tii) what is the diameter of runner if speed ratio is 0*85 ? 

{Punjab University — 1956A) 

9.22 In a water power site the available disclmige is 12,000 cusecs under 
a net head of 90 ft. Assuming a turbine efficiency of 88% and 
rotational speed of 166*7 rpm, determine the least number of 
machines, all of the same size, that may be installed if the selection 
rests with— 

a) Francis turbine with JV 3 not greater than 60 

b ) Kaplan turbine with J\f 3 not greater than 180. 

What will be the output of each unit? Which of the two 
installations will be moie economical ? 

(11,2; 9,818 HP, 54,000 HP) {Punjab University—1959A) 

9.23 a) Following is the data for a hydro-electric development : 

Net Head = 304*8 m 
Turbine Output= 10,000 HP 

i) What type of turbine would you suggest ? 

ii) Assuming the following specific speeds as the suitable ones, 

what would be the nearest synchronous speeds ? 

N s —23 8 per jet for a Pelton wheel with two nozzles, 

N s ~ 78‘4 for a Francis type runner. 

b) Which of the two possibilities viz ; a twin jet Pelton or a single 
Francis type turbine as described above under ( ii ) above would 
you favour ? Support your arguments in the light of the relative 
advantages and disadvantages. 

( Punjab University — 1960 A ; Converted to metric units) 
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RECENT TRENDS IN THE DEVELOPMENTS OF 
WATER TURBINES 

1*1.1 lnliuiluction Hi? Ruml Di \ dopinenls in Wfab i Fiubim s in (juumI 
1U 3 Uitdit Di\< Iojjiih nb in lMlon Luibiins 10 4 Recent Devi lopnu 11 Is m 1 1 am h 
Imltims H) r j ID n nt Dculupmt 11 U in Kapl m Tmbuus 10 b Ri ci riL Ri Match on 
tnwidtnii 10 7 Rtt-nl Do duprm nts nu Ti>cli 1 T< stb 10 u Pumped SOna^r PlanLs 
10 9 PiupoMs ol Pumped Stoiac,i Plan! 10 10 l falsifications of Pumped Sh>nu*i Plains 
(On iK, Wi • 1J\ oi c i a rr?l 'Minn Plains , T1 il»1i Medium ui How Hi act PI mis, 
Vcotduic, In J \ p( ul J uibiip u m d . Pun ni \fiv d Sim Plan!*, 1hu i/onlal m 
Vulital Munmo Plants) 10 11 Mailing of Pumpi d Slmagi Plant-. 10.12 \otablc 
Im Ullalimis ol Pumpi d bioiagc Plants 10 13 R<\i i*»il>I< J nifaint -Pump 10 1 1 Rewisi- 
ble rmbiiiD-Pump Installmmis 10 1) linnomical Aspicts oi Pump* cl Siniage Plants 
10 10 I’udi nMniind Po\u i St itinns 10 17 Undiiuatii Pow i Stations oi lubiilu 
1 mi bun Piuti Staliuns 10.10 Dina? Rmiin i (Ahx< d~l low VaiiahE Pilch Pump- 
Luilmu Riinnt i) 111 10 L si ol Di mi/ llimm i in Pumpi d SLoiagi Hauls 10 20 L’idd 
Pnui i PjojmIs HI 21 Violoil Tin >i^ 10 22 \eioiuil Si ctiou 10 23 Vpphcation of 

Vi i« >loi l I Jimji\ to \muI flow '1 lubnmurhmt i^ 10,21 Hoiindaiy Lavi PIkoi^. 
10 2"i S<iunalion ol lioundais Dm 10 2b Pi i \ t nl ion of Sip nation 

10.1 Introduction—In the foregoing chapters, fundamentals of 
water tuibines wcic dealt with. In this chapter a review of recent 
developments touching upon the design and perfonnance of hydiaulic 
machines will be made, It is mainly concerned with different kinds 
of hycho-electiic schemes which are being canied out in the field. 

A Research Committee was appointed by the Institution of Civil 
Engineers, London to prepare a review outlining the iccent developments 
in the sphere of Hydraulics. The recent developments in different type 
ofhydraulic tuibines, described in Art 10 2 to 10,7 have been prepared by 
the above committee and published in the Proceedings of the Institution 
of Civil Engineers, Part III Vol 4, December 1955, Number 3. 

Pumped storage plants have become quite familiar for taking peak 
loads. It is necessary, therefore, to describe them in detail. A few 
articles have been devoted for the underground and underwater power 
stations* The former is mostly used to save the plant from air raids 
during war time. The latter is employed for low head installations, 
Recently P.E. Deriaz, Chief Designer, English Electric Co has developed 
a new type of runner by modifying the Kaplan runner to suit heads uplo 
600 ft (or 200 m). 

Aerofoil theory is now being used for the design and testing of axial 
liow machines such as Propeller and Kaplan turbines and pumps. The 
blade sections are tested in the wind tunnel to arrive at the lesults 
yielding the best efficiency. Art 10.21 to 23 deal with the theory in 
general and the calculations for the determination of power and efficiency 
of Kaplan turbine. 
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10.2 Recenat Developments in. Water Turbines in General— 
For modern reaction tux bine? a specific weight of 11 lb/HP (or 5 kg/HP) 
is obtainable. Runnel efficiencies ol 96 to 97% with 90% for draft 
tubes have been achieved giving maximum overall efficiencies of 92 to 
93%. For impulse tin bines this figure falls to about 90% owing mainly 
to jet impact bucket losses. Xmpiovement in the zone of paitial load and 
lower efficiency should now attiact more attention, paiticulaily for 
Francis turbines which aie at a slight disadvantage compaied with the 
flat efficiency characteristics of impulse and Kaplan tui bines. 

The present tiend of research in water tin bines is towaids higher 
speeds,, ieduced dimensions and simplified designs, investigations into 
flow conditions, properties of materials, liydiaulic forces acting on 
regulating gem and limitation of runaway speed. 

The present limit of 160,000 HP for tui bines is fixed by physical 
dimensions. The optimum output is based on oveiall economy including 
conduits, valves and special low-loss high-head manifolds. 

10.3 Recent Developments in Felton Turbines— The pi esent 
trend of research on Peltou turbines is towaids the improvement of 
efficiency by studying the- bucket surface resistance, friction and windage 
losses, water rebound in <mbine casing and residual energy in tile water 
leaving the which Attempts aie made to lecover the unused head at 
the runnei exit, by hydro-pnemuaddition, which have not proved 
successful. The needle and nozzle piofiles forming the jet have lesulted 
from experimental work based on minimum sin face i csistance and the 
long stroke required for precision discharge adjustment and governing 
where balancing of needle foices has become impoitant. Short jet 
lengths have been suggested to avoid energy loss by jet spieading and 
disintegration. 

The water containing large quantities of sand damaging needle and 
nozzle reduces the turbine efficiency. Now stainless steel designs permit 
rapid replacement, Welding and annealing allow worn bucket surfaces 
to be restored to the normal profile. Pressed steel bowls with forged- 
steel splitters and lugs welded on aie a new departure in bucket 
construction. 

10.4 Recent Developments in. Francis Turbines—Fiancis 
turbines are being used foi high heads, upto 1,000 ft (or 300 m), which 
were formcily confined to Felton tuibines. High rotational speed has 
reduced the turbine overall dimensions as well as that of the power 
house. Research -on cavitation and availability of material to withstand 
the stresses has led to increase the turbine rotational speeds. 

In order to obtain high efficiency, research has been directed 
towards the smooth welded construction for spiral casings, stay rings, 
guide vanes, runner and other components. 

Modern measuring instrument technique has been developed to 
check vibrations causing cracked blades and reduced outputs. Such 
equipment includes suifaee recessed pressuie cells, strain and acceleration 
gauges, strain amplifiers and oscillographs. 

10.5 Recent Developments in Kaplan Turbines—Kaplan 
turbines have taken the place of Francis turbines for certain medium 
head installations. Kaplan turbines with sloping guide vanes to reduce 
the cover dimensions have been used recently. 
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Research is being cairiecl oul on draft tubes to recover the residual 
velocity head at the runnci The ievolving parts of the turbo-set 

are designed to withstand mnaway speeds of 2*5 to 3*5 times the working 
speeds. " Emergency oil-pressuie systems and runner biaking vanes have 
been devised to prevent the maximum runaway speed being attained, 
particularly wheie intake gates are omitted. 

Aeiofoil theoiv has provided the aerodynamic tests to be carried 
out in the wind tunnels for obtaining the best profile of the Kaplan 
blade, Reseat ch has been cariied to find the flow phenomena in the 
space between guide vanes and the runner, by the aid of conformal 
transformation. Such investigations have aided the development of 
efficient cavitation-free higfh head Kaplan tuibine blading for a wide 
range of specific tip speeds. 

10.6 Recent Research on Cavitation—The cavitation has 
been recognised as one of the gieatest dangeis in fluid flow. In Pelton 
turbines, the cavitation is initiated by nozzle induced vortex motion in 
jet. In reaction tui bines, liability to cavitation increases with specific 
speech As described earlier (See Art 7.16), the setting of reaction 
runner mainly depends on cavitation factor. 

In reaction turbine runners the cavitation at the discharge side 
is dependent on vane shape. The draft tube has also received close 
examination, since it can influence efficiency and runner exit pressures. 

Research lias also been carried out on materials resistance to 
cavitation. Pressed plates appear to behave better than castings and 
whilst aluminium, bronze, and zinc alloys are promising, there is a 
preference for chrome-nickel stainless steels which can be constituted 
for cavitation resistance, use in sandy water and welded construction. 
For relatively small thin-bladed Kaplan turbines, welding distortion 
can be avoided with a thin cast stainless-steel sheath over a carbon- 
steel core which requires only light grinding and polishing. 

The cavitation problems due to the presence of solid bodies entering 
the water, are being studied. One modern hypothesis envisages 
“Cavitation nuclei” consisting of minute dust-sheltering bubbles in 
crevices of metallic surfaces. 

Stroboscope is now extensively used to predict cavitation points 
in flow, with model tests. 

10.7 Recent Development on Model Tests—Model tests 
predict the performance of actual sized turbine concerning design such 
as efficiency, flow at runaway speed, influence of draft tube on thrust 
and runaway speed etc. 

Model tests using air as medium instead of water have become 
very common. Water tests and aerodynamic counterparts have shown 
satisfactory agreement. 

Ackeret formula for efficiency conversion from model tests, is 
still accepted. It can be utilised for model experiments using either 
air or water. Reaction turbine prototype efficiencies may be 2 to 5% 
greater than those predicted from model experiments. 
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In view of the cost, inteirupted plant operation, and difficulty of 
site tests, model results have been accepted occasionally but befoie 
this practice can be universally adopted, assurances on geometrical 
similarity and scale-effect relations between model and prototype will 
be demanded. 

In pumping installation, model studies have been very useful for 
the development of intake, as it is necessary to prevent vortex formation 
in the sump because head ialls seiiously. It has been seen that as little 
as 2% of air will reduce the head obtainable by 50% and 10% of air 
will de-prime the pump. Model tests are also very useful for centrifugal 
and propeller pumps of large size which aie not manufactured on mass 
production. 

10.8 Pumped Storage Plaints*—The load on a power station 
fluctuates within large limits during the twenty-four hours of the day 
as well as during the twelve months of the year. To supply peak loads 
the installed capacity of the station needs to be high, most of which 
would remain idle during off-peak hours. It means that machines 
which work only during peak hours, do not bring good revenue. It 
is necessary, therefore, to devise some way to achieve the economical 
loading of the plant by levelling-up the load curve. The following 
methods may be employed — 

a) Commercial Method —By selling electric current at a higher rate 
during peak hours than during off-peak hours. In Zurich (Switzerland) 
the current rate fiom 6-30 to 9-30 PM is more than during the rest of 
24 hours of the day. With this system most of the people refrain 
themselves from using extra electric energy during these three peak 
hours. 

h) Technical Method —The following two means may be used— 

i) By installing special peak load power plant in which the fixed 
charges are low. Such a station may be either thermal or hydraulic. 
In thermal stations a relatively tong period is needed before they can 
take up load because both the boiler and the turbine must be made 
ready for operation as soon as considerable increase in load has to be 
expected, This fact makes the efficiency of current production 
very poor. Therefore hydraulic power station is preferred for the 
purpose. 

ii) By storing energy produced during ofl-pcak hours. Such a 
system is known as Pumped Storage Plants. A pumped storage hydro¬ 
electric plant pumps water at off-peak hours of electric demand by 
means of surplus power (which is not being supplied), into a high 
level natural or artificial reservoir, in order to utilise the stored energy 
at periods when it is most needed. Hence pumped storage does not 
supply the electric energy to consumers, but. it merely transforms the 
surplus electrical current, which is not utilised during off-peak periods 
(night during 24 hours and winter during the year) into hydraulic 
energy, stored to be used during peak periods. Thus pumped storage 
plants act like large energy flywheels. 


Tumped Stotage Plants by Prof M. L. Mathur, “Beacon,” Jodhpur, Mai eh 1959 
VolVI. No, 1, Page 26, 
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10.9 Purposes of Pumped Storage Plaaaio—The following 
pin poises may be seived by the pumped storage plants— 

a) Combined with steam power stations, they represent the best 
compensation for it, in that they reduce the load iliuAuations to within 
the narrow limits nece*saiy for their economy and act as economic peak 
load stations throughout the yeai. 

b) Combined tvitli hydro-electiic inoiallations in addition to daily 
peak load, it can also cater to seasonal variations in water. The firm 
power of the installation, which is the power available ,i all times, is 
inci eased as during low water periods, water can be drawn fiom 

oi age. Increase in dun power inci eases t lie earning capacity of the 
installations. 

r) In some cases storage plants may not have current, generating 
unit. In may consist of pump and motor and no turbine. The utility 
of such a plant is that the pump inci eases the head in the feeder 
icseivoir of a separate hydro-electric plant while the motor acts as 
phase advance!, impioving the power factor in electiical supply net 
work. 

10.10 ClasssiScatfoBis of Pumped Storage Plants—The 
following are the ways by which the pumped stoiage plants may be 
classified— 

a) Daily 9 weekly or seasonal storage plants. 

b) High , medium or low head plants. Low head plants are not 
common. 

c) According to the type of turbine used in the plant. Francis tuibine 
is very common because of its high efficiency and high speed. Felton 
and Kaplan turbines have also been used. 

d) Pure oi mixed storage plants —lithe total quantity of water passing 
through the turbines is equal to the total quantity of pumped water, 
both the hydraulic machines working under the same gross head, the 
plant is called a pme storage plant. On the other hand, if the water 
passing through the tut bine is moie than the pumped water and/or where 
the turbine head is more than pumps gross heath the plant is known as 
mixed storage plant. 


e) Horizontal or vertical storage plants , according to the disposition 
of shafts. Generally the horizontal plants (Sec Fjg 10.1) are preferred 
over the vertical due to good visibility, favourable conditions of erections 
and dismantling for repairs and check-up. 
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Fig 10.1 Horizontal Anangcment of Pumped Storage Plant 
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10.11 Starting of Pumped Storage Plants—The layout of a 
pumped storage plant is shown in Fig 10.1. The set consists of a tuibine, 
genciatoi/motor and a pump. There aie several methods employed 
lor fatal ting the plant. The most common method is given below s 

The pump is primed by means of an ejector, and started by means 
of the tm bine, the generator being disconnected from the system and 
pump delivery valve being closed. When the synchronous speed is 
reached the generator which acts as a motor now, is closed to the system, 
the turbine inlet valve shuts off and pump delivery valve is gradually 
opened. Tuibine shaft with runner will be revolving idle while pumping 
takes place. 

In some cases there is a small Pci ton turbine coupled with the 
same shaft to which the main turbine, generator/motor and pump are 
connected. The Pclton turbine rotates the shaft in the opposite direction. 
As soon as the generating is to be shut off, the Pclton turbine nozzle 
is opened which first stops the main turbine and then by revolving the 
shaft in opposite direction, brings the pump and motor to a synchron¬ 
ous speed. The motor is, then connected to the system and the Pelton 
turbine inlet is closed. In high head installations, the Pclton turbine 
brake nozzle serves the above put pose. The research * conducted by the 
author on this subject showed that the process of “Generating to 
Pumping” can be carried out within 60 to 80 seconds. 

10.12 Notable Installations of Pumped Storage Plants— 
One of the biggest installation of pumped storage plant is at Limberg 
Power Station (Austria), which is equipped with the brake turbine of 
Pelton type. This plant has pumps, toothed coupling, braking 
turbine, motor-generator, Fiancis turbine and rotary valve all six 
connected, horizontally with a total length of 27,400 mm (about 90 ft) 
as shown in Fig 10.2. The hydraulic machines were manufactured by 
Esclier Wyss & Go Ltd. The pump rotor, comprising two single 
impellers and one impeller with double admission weighs 41 tons. The 
length of the shaft is 9 m (about 30 ft) with a maximum diameter of 
820 mm (2*7 ft). 'The input of the pump is 83,000 HP. The main 
turbine is of Francis type developing 79,000 HP under 364 m (1,195 ft) 
head at 500 rprn, using 18*75 m 3 /sec (661*5 cusecs). 

Fig 3 0.3 and 10 4 show one of four two-stage pumps, manufactured 
by Escher Wyss, of Witznau (Switzerland) Power Plant, which are 
arranged vertically. They lift 8 to 10’5 m B /sec (282 to 370 cusecs) of 
water against a mano-metiic delivery head of 248 to 272'5 m (814 to 
894 ft), the corresponding input being 34,600 to 39,100 HP and the 
speed 333*3 rpm. This plant is also equipped with Pelton turbine and 
a clutch arrangement to start pumping as described above. The 
operation of changeover from generating to pumping takes 60 seconds. 
The windage loss of Pelton runner, when it is revolving idle is about 
37 kw. 

Table 10.1 shows particulars of some important pumped storage 
plants operating at present. 

10.13 Reversible Turbine-Pump—-In a pumped storage plant, 
there is only one eletrical machine which acts as a generator as well 
as a motor. However the plant, as described in the above articles 

* See "Characteristics of Free Jet Water Turbine in Working and Brake Regions 5 ' 
(in Gentian), by Dr Jagdish Lai, Published by Splinger-Verlag, Vienna, 1952. 



Some More Pumped Storage Plants 
ranged according to Pump Delivery Head) 
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hydraulic machines 



Fig 10.3 Section Tliiough Witznau Pumped Storage Plant Vertical 
Type (Escher Wyss). Pump Input 40,000 IIP per unit, From top are 
the molor-gcneralor (not shown), Francis Turbine, Coupling with 
Starting Turbine, Two Storage Pumps and Thrust Beating. 

consists of two hydraulic machines viz > a turbine and a pump. If these 
two machines are combined in one pump/turbine unit, it will not only 
save the cost of one full machine, but also eliminates elaborate hydraulic 
connections and couplings etc. Such a machine is possible because 
Francis turbine is just a reverse of a centrifugal pump. It functions 
in one direction as a motor-driven pump and in the reverse direction 
as a turbine-driven alternator. According to model tests, the efficiencies 
of pumping and generating have exceeded 85%, As the specific speed 
of a pump is greater than that of geometrically similar turbine two 
different rotational speeds are necessary for the tWo machines if the 
best efficiency is to be obtained in each direction of rotation. The 
same speed is possible only with some sacrifice of efficiency. 
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Fig 10.*1 Pinup of Wilxnau Punijirrl Stornf»r J'Janf, villioul «Spji'al Casing, 
(.lining Shop Kivction ol'Kfachrr W'jss 

Comparing the Francis turbine and the pump for the same head 
and horsepower, the turbine runner size is larger than the pump 
impeller and the turbine casing is smaller than the pump casing. The 
resulting overall dimensions of reversible turbine/pump are taken as 
greater of the two. For pump/lurbine the impeller is submerged to 
maintain proper flow while pumping. If the centre line is set above the 
tail race, priming is necessary, therefore impeller-runner is submerged 
and depth of submergence depends upon the critical value of cavitation 
factor. 

10,14 Reversible Turbine-Pump Installations— 

a) Flatiron Station (USA )—The first large-capacity reversible turbine- 
pump was installed in USA at the Flatiron Power Station of Colorado 
Big Thomson Project, about 50 miles (or 80 fon) north of Denver, In 
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addition to one reversible turbine-pump there are two high-head con¬ 
ventional Francis turbines. The water discharged from these turbines 
is used for irrigation all the year round. To meet the seasonal irrigation 
requirements the discharged water is stored by the reversible turbine/ 
pump in Caster Lake about one mile south of the plant. 

The Flatiron station is a peak load plant. It is designed for two 
speed operations and generator /motor of special design, to realise high 
efficiency. The specifications of the unit are given below : 



PUMP 

TURBINE 


FPS 

Metric 

i 

FPS 

Metric 

: 

Rotation 

Counter¬ 

clockwise 

Counter¬ 

clockwise 

Clockwise 

Clockwise 

Speed 

300 rpm 

300 rpm 

257 rpm 

257 rpm 

Head 

240 ft 

(170 to 300 ft) 

73-3 m 

(51 *8 to 91*5 m) 

250 ft 

(290 to 140 ft) 

76 3 m 

(88 5 to 42-7 m) 

Discharge 

394’5 cfs 

11’ 17 »j 3 /sec 

431 cfs 

122 w 3 /sec 

Power 

11,793 (input) 
HP 

12,000 Metric 
HP 

10,720 (output) 
HP 

10,900 Metric 
HP 

Efficiency 

91% 

91% 

88 % 

88 % 


Runner impeller diameter= 101*25 in. (or 2,570 mm), 6 blades. 


b) Hiwassee Dam TV A in South Western North Carolina (USA) 
is the world’s largest pump-turbine unit till today. It is built for the 
following specifications— 



PUMP 

TURBINE 

Rotation 

Counter- 

Clockwise 


clockwise 


Speed 

105-9 rpm 

105 9 rpm 

Head 

250 ft (or 62‘5 m) 

190 ft (or 58 m) 

Discharge 

3,900 cfs (or 110 m^jsec) 

3,900 cfs (or 110 m s /sec) 

Power 

102,000 HP 

70,000 KVA 

Efficiency 

75% 

75% 


Runner impeller diameter—266 in. (or 6,760 mm). 


10.15 Economical Aspects of Pumped Storage Plants —More 
energy is required to pump the water upto the lake. Also some energy 
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is lost when hydraulic energy is converted into electrical energy. The 
overall efficiency of dual conversion of pumped storage energy is about 
67% excluding transmission losses, which means the load can be supplied 
at about two-third the efficiency of direct generation. Now one-thiid 
energy losses must be compensated to make the plant economical. This 
can be done by charging more for the on-peak energy than for the 
off-peak energy as explained in Art 10.8, or otherwise the sum of the 
generating costs, interest on capital and sinking fund, cost of power 
used for pumping, must be less than the cost of producing peak load. 

10.16 Underground Power Stations— Undei ground hydro¬ 
electric power plants have been extensively used in Europe. More 
interest has recently been developed in this direction due to the following 
advantages* — 

a) They are safe against bomb attacks, rock and earth slips, and 

snow avalanches, 

b) Air-conditioning to maintain comfortable temperature all the 

year round is possible, 

c) They allow greater operating heads, 

d) Since excavation is in the haid rock, draft tubes, penstocks and 

surge tanks may be cut in it, thus effecting a considerable 
savings in the cost of power houses and the fabiication and 
erection of accessories, 

e) They do not disfigure the scenic beauty of the site. 

Some of the impoitant underground power stations are— 

a) Kemano ( Canada )—This power station has a record size under¬ 
ground plant, constructed for the Aluminium Co of Canada Ltd, located 
in Central British Columbia. The pressure tunnel and the penstock 
system about 11 miles {or 17'7 km) long, laid underground throughout, 
conducts water from Nechako River to Kemano power house which 
discharges to the Pacific Ocean. The underground power station 
chamber is 982 ft (or 300 m) long, 81 ’5 ft (or 24*85 m) wide and 139 ft 
(or 42*4 m) high from the bottom of turbine pits to the crown of roof 
arch. This station is equipped with 16 sets of Pelton turbines each 
developing 140,000 BHP (See also Art 6.8). 

b ) Inmrt Kvchen and Handeck II ( Switzerland )—These two stations 
belong to the system of four power houses of Oberhasli Power Station Co, 
Innert Kirclien. Fig 10.5 shows the layout of Innert Kirchen Under¬ 
ground Power House (built in 1940-42) together with Handeck I which 
is not underground. The pressure tunnel has a length of 2 km (or 1*24 
miles) and diameter of 2*4 to 2*6 metres (or 7*87 to 8*52 ft). It is 
reinforced along its whole length with steel plates. The power house 
is equipped with five Pelton turbines supplied by Escher Wyss, each 
developing 65,000 HP under a gross head of 664 metres (or 2,160 ft) 
and running at 428'6 rpm. 

The Handeck II underground power station, built in 1947 to 1950, 
has four vertical Pelton turbines, each developing an average output of 
40,000 HP under a net head of 450 m (or 1,480 ft) and at 300 rpm. 

* Journal of the Institute of Engineers (India), December 1956 Vol XXXVII No. 4 
Part II Page 396, “Modern Hydiaulic Turbine Practice” by Prof N. S, Govinda Rao and 
K. Seethaiamiah. 





Fig 10 6 Casing of a 42,000 HP Veitical Pflton Tmbitic for Handcck II Pov/ei 
Station, lying m Eschci Wys£ Woikshops 

Fig 10 6 shows a casing of 42,000 HP vertical Pelton tut bine lying in the 
Workshops of Escher Wyss. This turbine woiks under a net head of 
460 m (oi 1,510 ft), having two jets (also seen in the casing), deflectors, 
one piece cast steel i unnet with overall diameter of 3*56 m (or 11 ft 4 in.) 
and weighing 16 tons. 

10.17 Underwater Power Stations or Tubular Turbines 
Power Stations— The undei water powei stations are those which ate 
constructed below the uppet level of water. It has been discussed that 
vvalet turbine (see Art 7.17a), especially Kaplan turbine is sometimes 
installed below the tail tace level to create negative suction head H s in 
order to avoid cavitation. s In a conventional low head Kaplan installa¬ 
tion there are a numbet of bends at inlet, casing, diaft tube of elbow 
type, through which the water has to flow describing a —form path, 
leading to head losses. In addition to this disadvantage such a power 
plant is of vertical type to reduce the dimensions of buildings. When¬ 
ever the turbine has to be dismantled, the generator has to be removed 
first. To overcome the above two disadvantages, Arno Fischer in 1936 
developed in Germany a modified turbine which was known as tubular 
turbine and power stations employing such a turbine were known as under 
water power stations Such an installation consists of a weir across the 
river to be harnessed and housing the power station within the weir, 
The head is connected to the tail race by a straight passage in which the 
Kaplan runner works The turbine is connected to the generator by 
a horizontal or inclined shaft, depending on convenience. Fig 10.7a 
shows a Kaplan turbine coupled to a generator by a horizontal shaft. 
The water hows axially without having deflection losses between inlet 








Fig 10,7 Different Layouts of Tubular Turbine Power Stations (a) Horizontal 
(b) Inclined (c) Horizontal Turbine and Vertical Generator. 

and outlet* The dismantling of turbine can be carried out by opening 
the coupling, without touching the generator. Fig 10 .lb shows the 
coupling of the turbine and generator by an inclined shaft. In Fig 10.7c 
horizontal turbine drives a vertical generator through bevel gears. In 
such a case the generator being vertical, the dimensions of the power 
house building will be less, however the gearing is to be properly sealed 
as shown in the figure. Fig 10,8 shows a Kaplan turbine of Escher Wyss 
make installed at Rostin Power Station, Pomerania coupled to generator 
which is arranged in the guide wheel boss* The generator in such types 
of plant has to be sealed against water. This turbine works under a 
head of 3*75 m (or 12*3 ft) utilising 6*3 m 3 /sec (or 222 cusecs), developing 
265 HP. Fig 10.9 shows underwater power station at Sealach using 
tubular turbines, 

The advantages of tubular turbines can be summarised as follows— 
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1) Large saving of overall building cost compaied to conventional 

Kaplan tuibine installation, since space needed for a unit is 
less and the excavation is reduced. 

2) No head loss due to turning of flow between enhance and exit. 

3) Turbine accessible without removing the generatois. 

4) Best suited to suirounding scenery. 

The tubular turbines aie becoming very popular in low head 
installations. From 1936 to 1951 only Escher Wyss built 75 tubular 
turbines for various power stations having a total output of 145,000 HP. 
Tauren Powei Station has alone installed tubulai tin bines of a capacity 
of 163,000 HP. 

Proposals are made to use tubular turbines for tidal power plants. 

10 18 Deriaz Runner* (Mixed-Flow Variable Pitch Pump- 
Turbine Runner) —The difference between fixed blade axial flow 
turbine {i,e. propellei tuibine) and the Kaplan turbine is ^hat the former 
is used where theie is no load vaiiation (See Ait 7.20 and 7 24). On 
the othei hand the Kaplan tuibine is useful wlieie the load varies 
because it opeiates over a range fiom 40% load to 120% at piactically 
maximum efficiency (See Fig 10.10). However, Kaplan turbines can 
be used only upto about 200 ft head till today. For higher heads 
Francis turbine has to be employed. This is a fixed runnel-blade 
turbine, which again will not be much useful where there is load 
variation ; because like Propeller turbine it gives its maximum efficiency 
at a patticulai load (See Fig 10.11). Further experience has shown 
that fixcd-runner-blade turbines of Francis type generally suffer from 
an unstable hydraulic condition in the draft tube at gate openings 
between approximately 35 to 60% (See Fig 10.11). In some critical 
cases operation at certain fractional gate openings is impossible, because 
of the severity of the pulsing output or the consequent periodic pressure 
surges in the penstock or both together, Paul Deriaz Dipl. Mech. Engg. 
(ETH-Zurich), Chief Designer, Water Turbine Development, The English 



PERCENTAGE OF FULL LOAD - 

Hg 10.10 Comparison of Efficiencies of Propeller (Fixed-Blade) and Kaplan Turbines. 

*See “Mixed-flow Vanable-PUch Pump-Tuibinc" by P. Dciiaz ; Journal of 
a Water Power", Volume 12, No. 2, bebiuaiy, 1960,‘Page 49. 
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PERCENTAGE OF FULL LOAD— 

lug 10.11 Gompaiison of Efficiencies of Fiancis (Fixed Blade) and Deuaz Tuibtncs, 

Electric Go, Ltd, gave the complete solution of the above instability to 
make the runner blades adjustable, so as to vary the pitch according 
to the turbine output. The concept of Kaplan runner has been applied 
to Francis runner, thus making the Deiiaz runner useful for the part load 
and overload also. (See Fig 10 11). 

In case of Kaplan turbines, with the increase of head, the hub 
diameter (d) increases and the blade width decreases. It is seen that 
with a head of 120 ft (or 40 metres) the ratio of hub diameter to runner 

d 

diameter n will be 0’52 and with 240 ft (or 80 metres) head it 

Di 

increases to about 0‘65. The runner vanes or (See Fig 10.12) become 
narrow which decreases the efficiency. Deriaz suggested to revert to mixed 
flow arrangement of the Francis turbine in such cases. In a Deriaz 
runner the blades instead of being at right angles to the hub will be 
inclined at an angle of 45°. It is stated that a runner of this type can 
be used for a head upto 600 ft (or 200 ??z). 

The runner is surrounded by a conventional gate mechanism, 
which in conjunction with the rotatable blades, gives a flat efficiency 
curve and overload capacity better than Kaplan turbine, designed for the 
same specifications. The principal features of Deriaz Runner (See 
Fig 10.12) are — 

1. Oblique position of the runner-blade trunnions. Then the 
large hub-runner ratio can be accommodated or the radial extension /\R X 
of runner blade is small. 

2. The oblique position of the blade trunnions Y~*Y gives a 
significant reduction in the loading of the outer trunnion journal, 
because of the centrifugal force on the blade, acting partly against 
hydraulic loading. 

3. The spherical surfaces B-B of the hub and of th,e skirt permit 
rotation of the vanes while maintaining close clearances, 

4. Securing advantage of longer levers and less crowded 
construction in the boss. 
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Fig 10.12 Compausion of the Construction of (a) Kaplan, (b) Fiancis and 
(c) Deriaz Runners. 

5, Simpler runner blades, than those of Kaplan. If desirable the 
blades can be made to cover the whole cross-sectional area, in the closed 
position. This is the essential difference between Deriaz and Kaplan 
designs. In the closed position of Kaplan runner the vanes come in 
contact with each other at the periphery, but a large gap remains 
between the vanes near the hub. 

10 19 Use of Deriaz Runner in Pumped Storage Plants— 

1. Deriaz runner can be used as one machine turbine-pump (See 
Art 10.13) without lowering the efficiency of either turbine or pump. 

2. It can be employed for peak load conditions where its efficiency 
as part load even at 30% (See Fig 10.11) is nearly the maximum. 

3. Deriaz-runner turbine can be started at a very short notice. 
This feature forms the basis of storage schemes. The advantage of 
short-notice availability can be extended to an instantaneous availability 
of keeping the water turbine running at part load in readiness for a 
sudden increase in demand. This requires good part-load efficiency 
which Deriaz-runner has achieved. 

4. For operation as a turbine, the machine rotates in the opposite 
direction to that for operation as a pump. The change to pump opera¬ 
tion necessitates starting in reverse from rest. In view of the very 
large size of the motor-generator, synchronous machines as a rule 
have a relatively low torque near synchronism, resulting in difficulty 
in running up to speed because of the heavy torque required by the 
fixed-blade pump when submerged, even with shut gate. This difficulty 
can be overcome by pneumatisation, which consists in using compressed 
air to lower the water level in the pump suction pipe so as to permit 
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starting the pump with the runner clear of the water. With the variable- 
Deriaz runner this complication disappears because the torque requiied 
to drive the turbine iunner with the blades in the shut position is a very 
small fraction of the normal load torque. Provision foi compiessed air, 
with its bulky tanks and compressors, becomes then unnecessaiy, and 
starting can be accomplished’in a shorter time. 


Deriaz-Runner Turbine Installations —The hist Deriaz tuibines 
were installed at the Sir Adam Beck-Niagra Pumping-Generating Station 
in Canada. Each is rated at 
45,500 HP as a turbine under 
83 ft head and discharges as a 
pump 4,000 to 5,000 cu ft/sec 
under heads from 59 to 90 ft. 

Six such pump-turbines for 
the above Power Station of 
Hydro-Electric Power Com¬ 
mission of Ontario have been 
supplied by English Electric 
Canada, a division of John 
Inglis Co, Ltd and manu¬ 
factured at Toronto. Fig 10.13 
and 10.14 show the assembly 
of the Deriaz reversible runner 
hubs with the main shaft 
assembled and the blades in 
position. 

The reversible version of 
the Deriaz machine with its 
oblique spiral casing shown in 
Fig 10.14 is based on mixed 
flow pump practice. This 

figure is a sectional elevation of the Niagara reversible pump-turbine. 
The oblique runner passages are continued straight through the pump 
diffuser into the spiral casing, which has a conical speed ring. The 
conical spiral casing reduces the overall diameter of the set and permits 
a reduction in the distance between sets. It also improves the 
streamlining of the water passages. As the runner vanes can be made to 
close completely, the guide wheel mechanism is not essential and has 
been omitted. 



Fig 10.13 Assembly of the Derm/ Reveisible 
Runnei (Pump-Tuibine Runnei) for Sir Adam 
Beck Pumping-Generating Station 
in Canada. 


10.20 Tidal Power Projects—On the sea coasts, the rise and 
fall of tidal water can be utilised for generating power. A barrage 
consisting of a number of gates is constructed along the long coast. 
During the flood-tide, the gates of barrage are kept open and the water 
enters, filling the basin. The gates are closed when the flood is at its 
top. As the water-level in the sea falls, the basin being full of water 
acts as a reservoir. The low head turbines of Kaplan type or may be of 
tubular type, can be employed to utlise the head available. The power 
station constructed may be of under-water type. 

Passamaquoddy and Gobscook Bay Project* close to the frontier 
between the USA and Canada is proposed to capture energy from the 

* World Power Conference held in June 1960 in Madrid, Spain. 
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sea. Near the mouth of the Bay of Fundy, the tides ranged fiom 11 3 ft 
(oi 3'45m) at minimum neap tide, to 25 7 ft (or 7 84m) at maximum 
spring tide and averaged 18 1 ft (oi 5 52m) The 100 sq miles (or 259/im 2 ) 
of Passamaquoddy Bay will be controlled by 90 filling gates and 
will be used as the high pool. The 40 sq miles (or 103 5 km 2 ) of 
Cobscook Bay will be controlled by 70 emptying gates which 
will act as low pool. The uppei pool will be filled during the high 
tide and the lower pool emptied during low tide. The powex will be 
generated by flow from the high pool to the low pool, through a power 
house containing 30 propeller turbines, each latecl at 10,000 KW, 

The Ranee Tidel Project in France will have six sluices of 
15mX 10m (or 49 2 ft X32*8 ft) each. The installed powei capacity will 
be 2,40,000 KW. The construction on this pioject is going to start soon 

Due to the following disadvantages, no tide! powei station has 
come up so far— 

1) Initial capital cost is veiy high ; 

2) Powei output fluctuates during the day. During the tide which 

takes place twice a day, the turbines have to be shut down 
completely for two to three houis. 

10.21 Aerofoil Theory —Let a solid body, m the form of a flat 
plate, be totally immeised in a fluid stream having a velocity iv relative to 
plate motion (See Fig 10.15). 

Let the plate be inclined at 
angle a to the direction of flow. 

The plate then will be subjected 
to dynamic or kinetic pressure 
resulting from momentum 
changes induced in the liquid. 

Let tlie pressure be represented 
by P acting below the plate and 
normal to its surface as shown 
in Fig 10 15. Resolve P into 
two components vertical and 
horizontal. The vertical com¬ 
ponent P cos a is called Lift and 
is denoted by L. The hori¬ 
zontal component P sin « is 
called Drag and is denoted by D. 

Lift is induced due to difference of pressure on the two sides of 
the plate. The sti earn lines strike the leading edge of the plate. Some 
are diverted towards the bottom of the plate and the rest are raised 
above the upper surface and then drop, joining again at the trailing end 
of the plate. Vortices are produced on the upper surface of the plate 
which make the pressure negative at that place. Then the resultant 
pressure P is the sum of the positive pressure acting below the plate and 
the negative pressure acting on the upper surface of the plate. 

The resultant pressure P is proportional to the projected area A 
of the body normal to the flow and the square of the kinetic energy of 
the stream, thus 

w cl .w* , 


D 
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oi 


jv a .w^ 

P ~ G ‘ 



where 

z^ = specific weight of fluid, 
«;=relative velocity ofstieam, 
/i = area of plate, 

C—co-efficient of pressure, 
p=density of fluid, 

_ w d 
~~ 9 


The lift will thus be equal to : 

7 £ 

L—C l . p . .A 


where 

and 


=lift co-efficient 

Diag will be written as 

( ,2 


D=C d . P 


W 


. A 


where C^ = drag co-efficient 


...( 10 . 1 ) 


...( 10 . 2 ) 


.. ( 10 . 3 ) 


The co-efficients C L and C D depend upon the shape of body 

(or blade), roughness of surface, Reynolds’ number, aspect ratio and 
angle of attack (See Art 10.22). 

Lift is responsible for the motion of the body, while drag is the 
resistance and should be the least. 

10.22 Aerofoil Sec¬ 
tion—The plate immersed 
in fluid, shown in Fig 10.15 
has too much drag. A 
typical section known as 
aerofoil section has been 
used in practice which has 
the least drag. Fig 10.16 
shows such a section. The 
front nose of the section is 
rounded off smoothly and 
the tail is made a sharp 
edge The top surface is cmved smoothly. The bottom surface is not 
very important. 

Some definitions concerning aerofoil section are given below. 

Stagnation Point is a leading edge where the stream strikes first and is 
bifurcated smoothly. The two parts of stream meet again at the trailing 
edge without formation of eddies. 



Fig 10.16 Aeiofoil Section 
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Angle of Attack —If a horizontal line is drawn from the trailing edge, 
the angle a (See Fig 10.16) it makes with the bottom surface of 
section, is known as angle of attack. 

Aspect Ratio is the ratio of the lengths of the two sides of plate and is 
equal to — (See Fig 10.17). 

Problem 10 1 An aeroplane is flying at a speed of 350 rnpli. The 
chord area of each of the two wings is 80 sq ft. The air resistance of 
all the parts other than the two wings is 30% of the total wing resistance. 
The propulsion efficiency of piopeller is 80%. The lift and drag 
co-efficients C ^ and at the angle of incidence of the flights are 0*36 

and 0 02 respectively. The atmospheric pressure and temperature at 
the altitude of the flight are 10 lb/sq in. and 240° K respectively. 
Determine the lift and the power required to drive the aeroplane* 
Assume PF=96 w d T, 

Solution 

88 

w = 350 mph=350 x= = 513 ft/sec 


Total area of wing /l=-80 X 2= 160 sq ft 

C L = O'36 and — 0'02 

PF=96 w,,T 
=96 p cj T 


Lift 


p-= 


PY 10x144x1 
96 firr~~96x 32 2x240 


= 0-00194 slug 


W 2 

L = C l . P . ~.A 

513 2 1 

= 0*36 x0*00194x —~— X ISOx^ 240 t0nS 
= 6*55 tons Answer 


Drag D=C d . p . ~ . A 

Kl 02 

= 0 02x0 00194 X ‘—X160 lb 

= 816 lb 

Total drag = T3x816=l,060 lb 


Total power absorbed= 


D , w 

' 550 

T° 6 q x 513 
550 


HP 


Powei required to drive the plane= —■ 


1,060X513 


550 x0'8 


=1,240 HP Answer 
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Fig 10.17 Kaplan and Piopellei Tuibine Blade Sections 

10.23 Application of Aerofoil Theory to Axial Flow Turbo¬ 
machinery —Aerofoil section is stream lined and causes the least resis¬ 
tance to flow. Hence the guide blades of all reaction water turbines and 
runner blades of propeller and Kaplan turbines have an aerofoil section. 
Fluid mechanics draws no distinction between two cases giving rise‘to 
the relative motion whether the body (or blade) moves through the 
stationary fluid or fluid passes by the stationary body. Therefore it is 
possible to test the still aeroplane models in the wind tunnel and the 
towing torpedo model in the still water tank, for the determination of the 
characteristics of prototype machines. Model experiments of Kaplan 
turbine bladings are also made in the wind tunnel to find the best 
and efficient blade section. Spacing between the two blades or the 
blade pitch should be such that the fluid may pass without interference 
and that it does the maximum amount of work. 

Fig 10.17 shows a section of Kaplan or propeller tuibine blade. 

Let /=length of blade chord, 

£= circumferential pitch of blade. 

The blade length b is divided into a number of blade elements. 
The lift and drag of each blade element are given by— 


Lift 

A L~c h . Ab.l.p. ~ 


Drag 

A D=C d .A 


Force 

on blade element (See Fig 10.17) — 
Ai 7 u=A^ . sin ft —&D . cos p 


or 

w 3 

A F u =l ■ A& . p • ~2 ( c i • sin P — C D 

. COS P) 


-l. AKp. — (C L - 

■C D . cot (3) 




RECENT TRENDS IN THE DEVELOPMENTS OF WATER TURBINES 


289 


but w sin p=v m — radial velocity or velocity of flow 


A F u =l .A 6 . P . g (C L -C^ cot /5) 
On the other hand— 

A*»= ——- . A v u 

where w d =specific weight of fluid 

A v u ~peripheral velocity of blade element 

and Aq = A^ . t . v m 

AFu= w -^ b „ ~~ m . A« u 


Equalising (1) and (2) 

Wd . A£ ■ t « V m « A ^ ^ ^ p 


2 ~ {C l - c d - cot 3 ) 


/ . A^ ' w d . w . v n 


1 ID 

Ay u =— • -y ( C L • cot p) 

Denoting -y-*=A, 

A»u=^ ■ -y (C^ — C D cot p) 

Practical Data—• 

, 4 

K~ 

f'a 

and A o =JV,^=80 

where JV,=specific speed in metric units 
tf a =0'95 Ri (Fig 10,18) 


(C L —C D . cot /?) 



*-»•+» (i_*) 


Fig 10.18 Outline of Pi opeller 
Blade 


where v=- 


Power developed AP^ by Blade Element— 

ap h =af u .« 
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«=/. Ai • P • W - 2 °- (C L - C D . cot /?) . u 
-l.&b.P.w t . (C £ -C D . cot $ . u 

Head Efficiency v}^ of Blade Element— 

a? h 

7) H=7 ~p— where &P a =w d . {\q , H 

L\*a 

—w d ■ &b . t . v m . H 


l. Ab . - d --* g — (C L - C D . cot (3) . u 


w a . Ab . t . v m . H 

=— . ,4^ . —. (C, - C n . cot /3) 

* V2g H V2g H K L D 

= A > K w t K u . (Cjr . cot p) 


.(10.4) 


.(10.5) 


.( 10 . 6 ) 


Problem 10.2 A Kaplan turbine is fitted with four aerofoil blades 
and has a speed of 120 rpm. The mean radius of blade circle is 5 ft 
and the blade length in a radial direction is 2 ft. The chord of the 
aerofoil blade is inclined at 25° to the direction of the motion. The 
chord length is 8'2 ft. The values of and C D for the angle of 

incidence, used are 0*7 and 0'04 respectively. The turbine is supplied 
with water under a head of 25 ft. Neglecting the area occupied by 
the blade thickness and assuming a velocity of flow as 15 ft/sec, calculate 
the horsepower developed and the theoretical efficiency of the turbine. 

Solution 


jV= 120 rpm 

i? 1= 5 ft b=2 ft 

Pi-25 0 8’2 ft 

25 ft v m x — 15 ft/sec 

From velocity triangle (See Fig 1,17a) 
v in — Wi sin Pi=15 ft/sec 

15 15 oc&l 

or w ' = lhW -W226 = 36 ft ^ scc 

F= 9 . A — (C L . sin Pi-C^ cos p x ) 


Force 
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Power developed by the turbine 


- - 

H 550 


5,340 

550 



x 


=2,446 HP Answer 


120 

60 


X 5 


) 


X 4 


Efficiency of the turbine 
_F.11.Z2 
"h w.Q.H 

where Q,=*(4 • 2it . Ri . b) v m ^ 


and 4 = 1 


= (1 x 2n X 5 x 2) x 15 els 
2,446 

62 4 x (2 tc x5x2x15)x25 
7=916% Answer 


X100 


10.24 Boundary Layer Theory— The flow of fluid over a surface 
of a body is considered to be made up of a number oflayers. The velocity 
of flow of the layer of fluid, which is adjacent to the surface, varies from 
zero to maximum, zero being on the side of the surface. This layer is 
called boundary layer . It was first known by Hele-Shaw. 

Prandtl Theory —Prandtl was the first to publish his theory of 
boundary layer in 1904. According to this theory the fluid flow may he 
divided into two portions— 

a ) a thin layer close to the surface of the body in which whole of 
the resistance due to skin friction occurs. The variation of velocity 
between the surface of the body and the fluid is transmitted through 
this layer, 

b) the remaining portion of the fluid, outside the layer described 
under (o), has a large value of Reynolds 5 number because of the high 
velocity of flow. Therefore viscous forces may be neglected in this region 
as the influence of viscosity is very little. 

The thickness of the boundary layer is defined arbitrarily as the 
distance from the surface of the body to a place where the velocity of 
flow differs by 1% from its maximum value, as shown in Fig 10,19. 

The variation of velocity in a boundary layer with the distance 
normal to the surface is given by (See Fig 10 20)— 



Fig 10 19 Thickness of Boundary Layer—5 Fig 10.20 Velocity Distribution in Boundary 

Layer in Laminar and Turbulent Flow 
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and 


where 


v=i',„ax ( 2—y)-" for laminar flow ...(10.7) 

v=v m ax --for turbulent flow ...(10 8) 

n=-“ to -y- depending upon the Reynolds* number. 


10.25 Separation of Boundary Layer— The boundary layer 
remains in contact with the suiface of the body if 

a) the inclination of the body to the diiection of motion does not 

change, 

b) the ratio of the boundary layer thickness to the length is not 

laige. 

In case the inclination or the iatio described under (a) and (b) i 
exceeds ceitain limits, the boundary layer does no longer remain in 
contact with the surface and it detaches itself from the body at its rear 
portion. The detached layer has the tendency to roll itself up into 
vortices which are left behind the body and form what is called a wake. 
This phenomenon is known as separation, which increases the resistance 
to the flow. Fig 10.21 shows the separation of the boundary layer, 



Fig 10,21 Separation Phenomenon of Boundary Layer, Rolling Up of 
Layer is shown in (a) 

which is self-explanatory. The separation starts at point (2) which is 
known as separation point. It is defined as the point where the tangent 
to the velocity distribution curve at the surface becomes normal to the 
surface of the body. It has been seen that the separation occurs sooner 
in Iaminar[boundary layer than in case of turbulent one. 
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10.26 Prevention of Separation —The separation of boundary 
layer, which causes friction, can be prevented by one of the following 
methods— 

a) By Suction of Air. 

i) Tmbine Draft Tube —For a draft tube the maximum diverging 
angle is 4° as explained in Ait 7.7, Fig 7.6(a). If the value of this 
angle is increased the water layer is detached from the inside surface 
of the tube. Sometimes in order to decrease the length of the draft 
tube the diverging angle has to be made more than 4°, in which case 
the air is sucked from the inside surface of the draft tube as shown in 
Fig 10.22 so that the water may not detach itself from the tube. 
Experiments conducted by Prof Ackeret showed that the efficiency of 
draft tube was raised from 50 to 81% in certain cases by this process, 
However the water equal to 5% of the total quantity was also withdrawn 
from the draft tube by this method. 



Fig 10.22 Suction of Air from Fig. 10.23 Piovision of SIol in an 

Draft Tube. Aerofoil Section. 

it) Venlurimeter —The length of diverging cone is made larger 
than the converging cone, taking in view the maximum angle of 
divergence of 4°. In case this angle has to be increased, the above 
method for sucking the air fiom the inside walls has to be applied, 

Hi) Spiral Casing of Centrifugal Pump has to be designed keeping 
in view the separation of boundary layer. 

b ) By Providing Slot (See Fig 10.23)—If a slot is provided in the 
\erofoil section, it causes suction by which the separation is controlled. 

UNSOLVED PROBLEMS 

10.1 Write brief notes on recent developments in 

a) Pelton turbines 

b) Francis turbines 

c) Kaplan turbines 

d) Cavitation 

e) Model tests on turbo-machinery. 

10.2 Describe different methods to supply peak load of the power 
stations, What are the different methods for achieving economical 
loading of the plant ? 
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10.3 What are pumped-storage plants ? Do they actually supply 
electric energy to the consumers ? 

10.4 Classify pumped storage plants. 

10.5 What is the purpose of a pumped-storage installation used in 
conjunction with an extensive electricity distribution system ? 
Explain the working of a typical system, showing how the pumps, 
the turbines, and storage reservoirs are related. 

Why is it customary to instal separate pump and turbine units, 
although a single rotating electrical machine will serve either as 
motor or as generator ? Describe any system you know in which 
this difficulty is surmounted, and in which, therefore, the rotating 
hydraulic element will operate either as a pump or as a turbine. 

[AMI Mech E ( Lond)'—Oct 1958] 

10.6 What is a reversible turbine-pump ? Where do you use such a 
machine ? 

J0.7 Is it economical to instal pumped storage plants ? 

10.8 Where is it necessary to have underground power stations ? Name 
some such stations. 

10.9 What are underwater power stations ? 

10.10 What are tubular turbines ? What are their advantages over the 
ordinary Kaplan turbines ? 

10.11 What led to the evolution of Deriaz runner? Where will such 
a runner be useful ? How will Deriaz runner be helpful in 
increasing the efficiency of pumped storage plants ? 

10.12 Write a note on the design features of Deriaz runner. 

10.13 Write a note on Tidal Power projects. Why is tidal power not 
utilised so far ? 

10.14 What is aerofoil theory ? How is the lift of an aeroplane 
induced ? 

10.15 Define the terms, 

a) lift co-efficient, and 

b) drag co-efficient, Kp used in connection with the aerofoil theory 

for determination of forces on curved surfaces. 

10.16 What is meant by boundary layer ? Show the velocity distribution 
in laminar and turbulent boundary layers. 

10.17 What is a boundary layer? Do you expect separation to take 
place in a decelerating or an accelerating flow ? Give reasons. 

[Punjab University'—1957A) 

10.18 An aeroplane is travelling at 180 mph and its rudder consists of a 
fiat surface of area 2’5 sq ft. Find the force on the rudder normal 
to the direction of flight when turned through an angle of 30°. 
Assume Kj for a flat surface of an angle of incidence of 36° to 

be 0 35. (142-2 lb) 

10.19 Show that the horsepower required to maintain uniform motion 
of an aerofoil in a horizontal direction depends upon the value 

of k d {K L y*« 
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An aerofoil having an area of 100 ft 2 carries a vertical load 
2,000 lb. Values of and Kp are as follows — 


Angle of 
incidence 

0° 

2° 

4° 

6° 

8° 

10° 

k l 

0i7 

0-24 

1 

0*31 

0-38 

0-445 

0-50 

[ 

k d 

0-0080 

0-0112 

0*0155 

0 0212 

0-028 

0 035 


Find the minimum horsepower required to maintain horizontal 
motion through air having density 0’075 lb/ft 3 , together with the 
corresponding velocity and angle of incidence. 

[AMI Meek E {Land)—Oct 1958) 

10.20 Sketch a graph showing how the lift and drag coefficients of typical 
aerofoil section vary with the angle of incidance. 

Over the incidence range —4°<a<+4° the lift and drag 
coefficients of an aerofoil are given by 

C L =0-1 a + 0'45 
C D =001 oc+0-1 

If the aerofoil has to lift 5 lb per sq ft of surface at an incidence 
of — 1°, determine the minimum velocity of flight and the horse¬ 
power required for a total lift of 1,000 lb in air with a specific 
weight of 0*07 lb/ft 3 . [AMI Mecli E ( Lond f )—Oct 1959} 

10.21 A large airship is travelling at a speed of 54 miles per hour. For 
a length of 800 ft and diameter of 130 ft, area given on the chord 
is 90,000 sq ft, find the Reynolds 5 number and the drag of the 
hull and also the horsepower required to overcome the hull-drag 

at the above speed. For air ft lb units and kinematic 

i 

viscosity = 0*000167 sq ft per second. Take Jiq =0*0375 ^ ^^ 

where R e is Reynolds’ number. {Punjab University — 1954A) 

10.22 The aerofoil section wings of a monoplane are 36 ft long, chord 

length 6 ft and angle of incidence 3°. The lift co-efficient at this 
angle of attack is 0'35 and the drag co-efficient 0'02. Assuming 
the propeller efficiency to be 75%, and the air resistance of all 
parts other than the wings to be 40% of the total wing resistance, 
calculate the horsepower required by the monoplane when it is 
travelling at 300 miles per hour. What is the lift of the plane 
at this speed ? (Punjab University — 1955 Sept ) 

10.23 A water turbine of Kaplan type is supplied with water under a 
head of 30 ft, The runner of the turbine has four blades of aerofoil 
section, and moves at 75 rpm. The blade length in radial 
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direction is 2 ft, and the mean radius of blade circle is 5 ft. The 
choid of the blade is inclined at 30° to the direction of motion, 
and the chord length is 8 5 ft. The velocity of flow is 16 ft/sec. 
Calculate the hoisepower developed by the turbine, and the 
theoretical efficiency of the turbine. Neglect the area occupied 
by the blade thickness. C L and for the angle of incidence used 

are 075 and 0 05 respectively. (3,480 HP \ 467%) 

10.24 The thickness of a boundary layer is 2 in. at a certain point on a 
body when the velocity at the outer edge of the layer is 10 ft/sec. 
Draw the curves showing the velocity distribution for laminar and 
turbulent flow by plotting the values of velocity at intervals of 
0*5 inch. ( I.LT . Kharagpw — 1955) 
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CHAPTER 11 


RECIPROCATING PUMPS 

11.1 Pumps 11.2 Classification of Pumps 11.3 Reciprocating Pumps and their 
Applications 11.4 Woiking Principle 11.5 Piston Pumps (Single Acting, Double Acting 
and Triple Acting) 11.6 Plunger Pump 11.7 Bucket Pump 11.8 Slip and Coefficient 
of Discharge 11.9 Rate of Delivery (Single Acting Piston or Plunger Pump, Double 
Acting Piston or Plunger Pump and Three Throw Pump) 11.10 Velocity and Acceleration 
of Water in Reciprocating Pumps 11,11 Speed 11,12 Indicator Diagrams 11.13 Air 
Vessels 11.14 Theory of Working of Air Vessel 11.15 Volume of Air Vessel 
11.16 Resonance in Reciprocating Pumps 11.17 Suction in Pump with Air Vessel 
11.18 Pressure in Cylinder on Delivery Stroke with Air Vessel 11.19 Theoretical Power 
Required to Drive the Pump Fitted with Air Vessel on Suction and Delivery Side 
II.20 Work Saved by Air Vessel in Overcoming Pipe Friction 11.21 Other Types of 
Reciprocating Pumps (Direct Acting Steam Pump and Differential Pump) 11,22 Design 
of Valves for Reciprocating Pumps. 

11.1 Pumps -Pump is a mechanical device to increase the 
pressure energy of a fluid. In most of the cases pump is used for 
raising fluids from a lower to a higher level. This is achieved by 
creating a low pressure at the inlet or suction end and high pressure 
at the outlet or delivery end of the pump. Due to the low inlet pressure 
the fluid rises from a depth where it is available and the high outlet 
pressure forces it up to a height where it is required. Of course, work 
has to be done by a prime-mover on the pump to enable it to impart 
energy to the fluid. 

A liquid pump is generally placed at a certain height above the liquid 
surface in the reservoir. The depth from which liquid has to, be sucked 
by a pump is equivalent to its suction head H s (See Fig 1 1.1). The surface 
from where the water is drawn is usually exposed to the atmosphere and 
theoretical suction head is then equal to atmospheric pressure 
(14’7 lb per sq in.) i.e*> 34 ft of water. In practice, however, it is never 
more than 25 ft partly because of frictiotial losses and partly because of 



Fig 11.1 Reciprocating Single Acting Piston Pump. (Piston maybe directly 
connected to the connecting rod.) 1 1 
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the fact that under a definite minimum absolute pressure, water would 
evaporate. The delivery head H# is equi\alent to the vertical height to 
which the liquid can be raised above the centre line of the pump. 

11.2 Classification of Pumps— 

Pump 


Reciprocating 
or positive dis¬ 
placement 


Rotodynamic 
or dynamic 
pressure 


pump 

I 

i r i 

Piston Plunger Bucket 

pump pump pump 


1 I I i 

Single Double Single Double 
acting acting acting acting 
etc etc 


pump 


Rotary pump 
(positive dis¬ 
placement 
with circular 
motion) 


Centrifugal Axial or Semi-axial or 

pump propeller mixed flow 

(Radial pump pump 

type) 


Volute type Turbine or diffusion 

pump type pump 


Single Multi- Single Multistage pump or 

stage stage stage Deepwell pump 

pump pump pump (deepwell pump is 

always vertical) 

Reciprocating pumps are now-a-days out of date and rotodynamic 
pumps especially of centrifugal type are replacing them. Reasons for 
this are given in Art 12.1. The chapter on reciprocating pumps is, 
therefore, altogether omitted in many modern text books. Here the 
author has, however, decided in favour of including it. 

11.3 Reciprocating Pumps —A reciprocating pump consists pri¬ 
marily of a piston or a plunger reciprocating inside a close fitting cylinder, 
thus performing the suction and delivery strokes. The reciprocating pump 
is a positive acting type which means it is a displacement pump which 
creates lift and pressure by displacing liquid with a moving member 
or piston. The chamber or cylinder is alternately filled and emptied 
by forcing and drawing the liquid by mechanical motion. This type 
is called “positive” inasmuch as the only limitation on pressure which 
may be developed is the strength of the structural parts. Suction and 
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delivery pipes aie connected to the cylinder as shown in Fig ILL 
Each of the two pipes is provided with a non-return valve. The 
function of the non-return 01 one way valve is to ensure a unidirectional 
flow of liquid. Thus the suction pipe valve allows the water only to 
enter the cylinder while the delivexy pipe valve permits only its discharge 
from the cylinder. 

Volume or capacity delivered is constant regardless of pressure, 
and is varied only by speed changes. 

Reciprocating pump generally operates at low speeds and is 
therefore to be coupled to an electric motor with V-belts. 

Applications —The recipxocating pump is best suited for relatively 
small capacities and high heads. In od drilling operations this type of 
pump is very common. 

The reciprocating pump is used generally for— 

Pneumatic pressure systems, feeding small boilers, condensate 
return and light oil pumping. 

11.4 Working Principle —Movement of the piston or plunger 
creates a vacuum and atomspheric pressure forces the water up through 
the suction pipe into the cylinder. Suction pipe and clearance volume of 
the cylinder are first filled with water to replace the air. This is known as 
priming of the pump. Once the pump has been primed, water follows 
closely the piston or the plunger on its forward stroke. In the return 
or backward stroke water is pushed upwai'ds into the delivery pipe. 
Delivery pipe valve must be opened before starting the pump. 

If H s and H d be the suction and delivery heads respectively of the 
pump, then (H s -\-H d ) is known as its “static head ", 

11.5 Piston Pumps— 

a) Single Acting —It consists of one suction and one delivery pipe 
simply connected to the cylinder (Fig 11.1). 

Let A = cross-sectional area of the piston in sq ft (or m 2 ) 

a^cross-sectional area of the piston rod in sq ft (or m z ) 

£—stroke of the piston in ft (or m) } 
jV*=speed of ciank in RPM, 

Then average rate of flow cusecs (or m 3 /sec) ... (11.1) 

Foice on piston in forward stroke 

=w , H a , A lb (or Kg) ...(11,2) 

Force on piston in backward stroke 

.H d . A lb (or Kg) ...(11.3) 

Neglecting head losses in transmission and at valves, horse power 
of the pump 

w.H.H w ,(A .S .N)(H,+Hi) 

~ 550 “ 33,000 


...(11.4) 
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r a 1.0 . H w . (A . S j\)(H,+H d ) . , -i 

L" - 75 = - 4,500 -—-- metnc HP - 111 4 «|] 

b ) Double Acting— It has two suction and two delivery pipes. 
Fig 11.2 and 11 3 show a slow speed double acting piston pump. 


lyt 

-i—r 

* , 

I ^riri 


h ^ DELIVERY PIPE 

i j- DELIVERY VALVE 

/ (CLOSED) r-PISTON 

I s — piston \ rod 


-DELIVERY VALVE 
(BEING OPENED) 



STROKE S = 2 r 


suction valve 

■ - - (BEING OPENED) 


CONNECTING ROD 


suction valve 

(CLOSED) 


Tig II J Double Vr tmg Piston Pump 


VALVES 
(DISC type) 

CONNECTING ROD 

/ CROSS HEAD ( 

/ I PISTON ROD] 




\ PISTON 

- TWIN cylinders 

OIL 

Fig 113 («) Section Thtough a Low Speed, Heavy Duty Double Acting Piston Pump 

Z-A.S.%pHA-.).S.£ s 


S.N{2A-a ) , „ x 

=-To- cusecs (or m 3 / sec) 


60 

2 A . S . jV 
*“ 60'“ 


...(11.5) 


cusecs (or m 3 / sec) 


Force acting on piston in forward stroke 

= w . H s . A-\-w . H d (A—a) lb (or Kg) 

Force acting on piston during backward stroke 

—w . H, ( A—a)-hw . H d . A lb (or Kg) 


.. ( 11 . 6 ) 


..(11.7) 
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DISCHARGE outlet 


DISCHARGE OUTLET 


;it 




SUCTION INLET 


SUCTION INLET 


Fig 11.3 (b) Opcialion of Valves fm Doubk A( Img Rccipiocciting Pump 
Average late of flow for a triple acting piston pump is similarly 
N 

0 = 3 : A % S . cusecs (or ??z 3 /sec) 
w 60 

(neglecting cioss-sectional area of piston lod). 

Problem 11,1 A single acting reciprocating pump has its piston 
diameter as 6 in, and stroke 10 in. The piston moves with simple 
harmonic motion and makes 50 double stiokes per minute. The suction 
and delivery heads aie 15 ft and 45 ft respectively. Find the loice 
required to woik the piston duiing the suction as well as deliveiy stioke 
Assume the efficiency of the suction and dchveiy stiokes as 60% and 
75% respectively. Determine the FTP required by the pump. 


Solution 


D = 6 in. 5=10 in. 

77s — 15 ft H d —4:5 ft 

^=0*6 7jrf=0 75 

jV=50 double stiokes pei min.=50 rpm 


w . H. . A 


a) Average force for suction —— 

I* 

-307 lb 


62 4X 15X — 7 -X0*5 2 

4 


Answer 


b) Aveiage force for delivery 


. H d . 
075 
-735 lb 


62’4x45X— X 0 5 2 
4 


Answer 


HP required by the pump — 


total forceX distance moved p er sec 


Force (suction+delivery) S . JV 
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(307 + 735) .10. 50 
~ 550 X 12 X 60 

— T315 HP Answer 


Problem 11.2 A double acting reciprocating pump has a piston of 
10 in. (or 254 mm) diameter and piston rod of 2 in. (or 50*8 ?nm) diameter 
which is on one side of the piston only. Length of the piston stroke is 
15 in. (or 381 mm) and the speed of the crank moving the piston is 60 
rpm. The suction and discharge heads are 15 ft (or 4'57 m) and 60 ft 
(or 18*3 m) respectively. Find the force required to work the piston 
during the ‘in’ and ‘out 5 strokes. Neglect friction. Determine the 
quantity of water in gpm (or litres per min) raised by the pump and the 
HP (or metric HP) required. 

Solution 

D — 10 in. (or 254 mm) 

.S=15 in. (or 381 mm) 

H s = 15 ft (or 4*57 m) 

Ci oss-sectional aiea of piston 

[■» 


d= 2 in. (or 50*8 mm) 

JV*=6 0 rpm 
H d ~6Q ft (or 18’3 m) 

x (ii ) a= < 0-545 sq ft 

X (0‘254) 2 =0-0506 m 8 


Cross-sectional area of piston 


rod a- 


=4 X d 3 =■ 
4 


X 



= 0-0218 sq ft 
a=~ X (0-0508)- = 0-00202 ;n 8 


Force required to woik the piston : 
cl) during f in* stroke— 

i) for suction—**; . A . //,=62‘4x 0‘545 X 15 = 510 lb 

[or- 1,000x0 0506X4*57=231 Kg] 

it) for delivery — w . (A—a) . 7/ d —62'4x (0*545— 0*0218) X 60 
= 1.960 lb 

[or= 1,000 X (0*0506-0*00202) X 18*3-890 Kg] 

*\ Total force during ‘in 5 stroke = 510+1,960=2,470 lb Answer 
[or 231 +890 = 1,121 Kg Answer] 

b) Force during ‘in’ stroke— 

t) for suction — w . (A— a) . H s = 62*4 X (0*545 - 0*0218) X 15 
= 490 lb 

[or—1,000 X (0*0506-0*00202) X 4*57=222 Kg] 

ii) for delivery—«; . A . /L d =62*4x 0*545 X 60=2,040 lb 

[or—1,000 x 0*0506 X 18*3=926 Kg] 

Total force during ‘in’ stroke—490+2,040=2,530 lb Answer 
[or 222+926—1,148 Kg Answer] 
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Discharge during ‘in’ stroked . S . JV=0-543x 60X 

=255 gpm 

[or = 0'0506 X O'301 X 60 ;< 1,000 = 1,156 lit|min] 
Discharge during ‘out’ stroke = (A — a) . S . JV 

= 0-5232 xjfxGOX 6 -^ 245 gpm 

[or=0-04858x0-381 X60x 1,000=1,110 lit/min] 
Total quantity of water raised by the pump=245 + 255 = 500 gpm 
[or= 1,156 +1,1 10 = 2)266 lit/min] 


HP required by the pump — 


(iv 


A ,.H (^r>US + 60 > 

550 


550 

=ss 1T 35 H P A nswer 


or= — 


?|^ 6 x (4-57+18'3) 


75 


=11'5 metric HP Answet 




11.6 Plunger Pump— 

It is just a piston pump with a 
plunger replacing the piston 
and its rod. Generally used 
for rough work, it can build up 
a very high pressure. It is 
generally preferred if the water 
contains sand. Single acting 
and double acting plunger 
pumps are illustrated in Fig 
11.4 and 11.5 respectively. 
Rate of flow, forces acting on 
plunger and the horsepower 
of the pump can be easily 
determined as in the previous c; 



Fig* 11.4 Single" Acting Plungei Pump 



Fig 11.5 Double Acting Plunger Pump 
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HANDLE*^ 

ax 




DELIVERY PIPE 

V 


DELIVERY 
VALVE 



(Being opened) 

-PISTOL ROD 
-CYLINDER 
.-BUCKET VALVE 

- PISTON 

- SUCTION 
VALVE 

(Being openej) 
-SUCTION PIPE 


Fig 11.6 Bucket Pump 01 Hand 
Pump 


11.7 Bucket Pump—This is a vertical 
piston pump (Fig 11.6). The piston 
which is provided with a valve is called 
a bucket. It is essentially a low speed 
pump. When driven by hand it i s 
popularly known as a hand pump. 

When the bucket rises, piston valve 
remains closed. This is the suction cum 
delivery stroke and during this stroke 
water is drawn into the space under the 
bucket and simultaneously the water 
above the bucket is forced into the 
delivery pipe. When the bucket falls 
neither delivery nor suction takes place. 
As the piston valve is open, water flows 
across the piston from the suction to the 
delivery side of the cylinder. 


Problem 11 3 A bucket pump lifts water from a depth of 15 ft 
and forces up to a height of 75 ft. The diameters of piston and piston 
rod are 10 inches and 3 inches respectively It has a stroke of 2 ft. 
Determine the force required to raise and to lower the bucket. Find 
the volume of water delivered during up and down strokes. Neglect 
friction. 


Solution 

i/,-75 ft 
d= 3 in. 

7T /ION 2 

A =~4 x © = 0-545 sqft 

fjf / 3 \2 

Cross-sectional area of piston rod a =— X (■y-jj — 0*049 sq ft 

Force required to raise the bucket=Force required to produce 
suction+Force required to force up the water (because the suction and 
the delivery take place at the same time). 

Force required to produce suction =w . PI, . /I—62*4x 15 X0'545 

- 5101 b 

Force required to deliver the water— w . H d . (A—a) 

= 62 * 4 x 75 x ( 0 ' 545 — 0 * 049 ) = 62 * 4 x 75 X 0*496 
- 2,320 lb 

Force required to raise the bucket—510+2,320=2,830 lb Answer 

During down stroke the water from the lower side of the piston 
goes to the top of the piston, but as on the top of piston some volume is 
occupied by the piston rod, therefore, some force is required to raise this 
excess water against the delivery head. 

Force required to lower the bucket—w . H d . a=62’4X 75x0*049 

—229 lb Answer 


H b — 15 ft 
D-10 in. 

£—2 ft 

Cross-sectional area of piston 
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Volume discharged during up stroke = (A — a) . S=0 496x2 

= 0 992 cu ft Answer 

Volume discharged during down stroke=a . £=0*049 X 2 

= 0 0 98 cu ft Answer 


11,8 Slip and Coefficient of Discharge —Slip is the difference 
of volume swept through the piston and the actual discharge per 
stroke. 


or Slip=Volume swept/stroke minus actual discharge/stroke .,.(11.8) 

The value of the slip is generally positive. However in practice 
sometimes the delivery valve opens before the suction stroke is completed, 
thus delivering a greater volume than actually swept by the piston. 
Hence the slip will be negative in such a case. 

^ . fiv u actual discharge/stroke 

Go-efficient of Discharge C„= ' v ^^^ pt/stroke • 

The value of C d is generally less than unity, but in case the slip is 
negative, C d will be moie than one. 


11.9 Rate of Delivery— 

a ) Single-Acting Piston or Plunger 
Pump —The rate of delivery into or out of 
this type of pump is not uniform. Rate of 
delivery can be plotted against crank angle. 
During the first half i evolution of the 
crank there is only suction and during the 
second half only delivery. Afterwards the 
same cycle is repeated. If rates of flow 
into and out of the pump are regarded as 
having positive and negative signs res¬ 
pectively, then since the motion of the 
pisoton is approximately simple harmonic, 
rate of delivery vs crank angle curve will be 
a sine curve (See Fig 11,7). The part of 
the curve on one side ol the axis represents 
suction and that on the other delivery. 

Velocity of discharge of water at 
any instant is proportional to the velo¬ 
city of the piston or plunger at that 
instant. Therefore the sine-curve ob¬ 
tained above also represents the velocities 
of discharge to some scale, 

b) Double Acting Piston or 
Plunger Pump —Each stroke is a 
suction cum delivery stroke. Curve of 
rate of delivery against angle of rotation 
of crank is therefore the resultant of 
two sine-curves drawn at a phase 
difference of 180°, only the delivery 
being considered (See Fig 11,8). 



Tig 11,7 Rate of Deliveiy vs 
Ciank Angle foi Single Acting 
Piston oi Plunger Pump 



Fig 11.8 Rate of Deliveiy vs Crank 
Angle foi Double Acting Piston or 
Plunger Pump 
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Fig 11.9 Rate of Delivery vs Crank 
Angle for Double Acting Driven by 
Two Cranks at Right Angles Piston 
or Plunger Pump 


Rate of delivery is still variable. 
To make it somewhat uniform two equal 
cylinders with pistons connected to the 
perpendicular cranks of a common crank¬ 
shaft are employed. The rate of delivery 
curve is then the resultant of two similar 
curves drawn at a phase difference of 
90° (See Fig 11.9). 


c) Triple Acting Piston Pump (Fig 11.10)-—This gives an even 
more uniform rate of delivery by using three equal cylinders with 



Fig 11.10 Three-Throw (Triple Acting) Piston Pump 

pistons connected to cranks 120° apart from one another but driven by 
a common shaft. Rate of delivery curve is the resultant of three 
similar curves at intervals of 120° (See Fig 11.11). Pump with this 
arrangement is known as s ‘Three-Throw” pump. 

11*10 Velocity and Acceleration of Water in Reciprocating 
^ps—It has been stated earlier that after the pump has been 
dj water follows the piston closely. It is of the utmost importance 
ere should be no discontinuity of flow there should be no 
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separation of the flow of water in suction pipe. 
If at any instant separation takes place, it 
will result in a sudden change of momentum 
of the moving water which has been 
separated from the rest. This causes an 
impulsive force which is responsible for 
the phenomenon of “water hammer in 
reciprocating pumps. Pump is liable to 
fracture under the heavy shocks sustained 
as a result of this. 

To eliminate the cause of water 
hammer viz, separation on the suction side 
of pump, driving force must be sufficient 
to accelerate the mass of water following 
the piston at the same rate as the piston 
itself. Assuming that the pressure inside 
the cylinder is zero when the piston moves 
forward, total suction pressure is equal to 
atmospheric pressure and it has to work 
against the following forces : 

i) Work against gravity equivalent 
to suction height H s 

n) Work against inertial forces equi¬ 
valent to head H a 

lit) Work against frictional forces 
equivalent to head Hf 

iv) Work against force required to 
open the non-return valve H v 

v) Work against friction in the valve 


cylinder or delivery pipe. 



Fig 11.11 Rate of Delivery vs 
Crank Angle for Three Throw Pump 


vi) Work against vapour pressure equivalent to head H w 


ffatm=Hs+Ha 8 J T^f s +#t> f +H Vf * +H vajt ...(11,9) 


Let = acceleration of piston, 

A= cross-sectional area of piston, 
a 3 = cross-sectional area of suction pipe. 
Then acceleration of water in suction pipe 


f s fv • 


A_ 

a 8 


Accelerating force-mass X acceleration 
F “ s = W --^ £s '/‘ lb (or kg) 
where L a —dength of suction pipe 
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Force per unit cross-sectional area 

p — ,f t lb/sq ft (or Kg /cm 2 ) 

‘ <J 


Head due to this force 


IL 


S 



ft (or m) of water 



Acceleration of 
Piston and Water—Let 

the crank in Fig 11,12 be 
at an angular distance 0 
from its zero position at 
a time t . 

Then the displace¬ 
ment of the piston from 
its zero position, if the 
connecting rod is very 
long, 


or 


x — r — Y cos 0, where r is the radius of the crank. 

x=r—r cos cof ... (as 0=6)$) 


velocity of piston 


dx 

dt 


=63 . r . sin 0 


and acceleration of piston 


d z x 

IP 


= eo 2 . r . cos 0 


Now, 


and 


/.=/, .--=<**■ r .cos 


A 

a. 


Ha 


cose. — ...(1U1) 

0 0 a, 


L, 


This is maximum when cos (1 = 1 or 0 = 0°, i.e., when piston is at 
its dead centre. 


••• M - 

\ J moo 


Lj 

moo y 


A 


. r 


...(n.iifl) 


To be more accurate, if connecting rod is n times as long as the 
crank, 

H a =— . oj* . r . cos 9 . ~~ . ( I ±'~') 

* g a, \ n / 

and (H a ,) . A.«*. r . (l±4) 

V a (,mx 0 (is \ n / 

(where +-w and —ve signs indicate beginning and end of strokes 
respectively). 

11.11 Speed—The resultant of the six forces enumerated above 
against which atmospheric pressure has to drive the water is maximum 
when the piston is at its dead centre, even though the velocity and 
consequently the frictional loss is zero at this point. If this maximum 
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value is higher than the atmospheric pressure, separation wi)l occur. 
The pump should, therefore, be so designed that separation does not 
occur when the piston is at its dead centre. Of the six heads listed above, 
H VJV depends only on temperature and altitude, and H 3 is automatically 
determined when the site of installation of pump is chosen. But the rest 
depend upon the length (L s ) of the suction tube and speed (JV) of the 
crank. In general, the pump should have L s a minimum possible under 
the circumstances, and the speed jV* should then be selected so as to 
avoid separation. 

Hence the reciprocating pumps are designed for low speed and 
cannot be coupled directly to modern prime movers or electric motors 
which operate at high speed. 

Problem 11.4 The plunger in reciprocating pump moves with 
simple harmonic motion. The diameter of plunger is 10 in. and stroke 
18 in. The suction pipe is 5 in. in diameter and 40 ft long. The 
suction lift is 10 ft. Calculate the speed at which the pump can operate 
without separation occurring at the beginning of the stroke. There is no 
air vessel on the suction side. The barometer reads 30 ft of water. 

(AMIE—Apnl, 1950) 

Solution 

10 in. = 12 ft S=* 18 in. = T5 ft 

d^—5 in. = ft L 5 =40 ft 

H s = 10 ft 


Assume that the separation occurs at absolute pressure of 8 ft of 
water. Now, at beginning of the suction stroke the velocity is zero, 
therefore, the friction losses on the suction side, Hf g are equal to zero. 


The accelerating head, however, would then be maximum. 


or 


or 


or 




Ha Jin — Us T 


A 


. CO 3 . r+H s ^ 

10 2 ( 2%'XN \ 2 1*5 


QH in, 40 (2%xN\ 

30 = 10 +-W X 5 ®"" X V 60 / 


Xy+ 8 


'(••• 


12 = 


40 X 100 x 4 tc 8 X 


“V 


32 - 2 x 25 x 3,600 

12 X 32 - 2 X 25 X 3,600 


40 X 100 x 4 X it 2 X 075 
JV = 17 T4 rpm Answer 



This speed is very low. Therefore it is difficult to couple the pump 
directly with the modern electric motors which generally run at 1,450rpm 
(assuming 50 cycles frequency), hence it necessitates an increase in speed. 

Problem 11,5 A single acting reciprocating pump has a plunger 
diameter of 8 inches (or 203 mm) and stroke of 1 ft (or 304‘8 mm). The 
suction pipe is 4 inches (or 10T5 mm) in diameter and 24 ft (or 7*32 m) 
long. The water surface in the sump from which the pump draws 
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water is 12 ft (or 3 ‘66 m) below the pump cylinder axis. If the pump 
is working at 30 rpm, find the pressure head on the piston at the 
beginning, middle and end of the suction stroke. Take/=0‘01. 

(AAIJE—May 1953) 

Solution 

D — 8 in. (or 203 mm) d s — 4 in. (or 101‘5 mm) 

1 ft (or 304-8 mm) i = } ft=0*5 ft (or 152-4 mm) 

A,=-24 ft (or 7-32 m) H s = 12 ft (or 3+6 m) 

A— 30 rpin /=0*01 

The atmospheric pressure has to supply : 

Hatm = H s + + H VIS i on 

a) Pressure head on the piston at the beginning of suction stroke— 
H f =0 (V Velocity is zero) 


I-l aim =Hs+^ . 4- • « # • r + H ^ton 
y a* 

(assuming connecting rod length to be very long in 
comparison to crank radius) 


34=12+ v — 
T 32-2 X 4 2 


/2ic x30\ 2 „ 

X ( "60 ) x0 5 +^ ,iSi »» 


10.36 s .3-66 + |ix( 1 S , x(^ 3 - 0 )‘xO,5 2 4 +ffw „,] 


— 12 + 14‘7+/+)iiio7i 
[or =3 , 6S+4 , 48+iA2sio?i] 

^4<sto» e= 34— (12+14'7)=7*3 ft of water absolute 
or 26 7 ft of water vacuum 

[or H 1)iBton =z 10’36— (3 , 66 + 4‘48) = 2 , 22 m of water absolute 

or 8T4 m of water vacuum] 


7 3 x “|44‘ a= 3'l 6 lb/sq in. absolute 


Answer 


[ or 2 ' 22x To5xl^o == o 222Ks / cm2 Answer^ 

b) Pressure head on the piston at the middle of the suction stroke— 


=-0 

(V cos 0= cos 90°) 

.- 7/g+ + Hyislon 

=tf s + 4 + . 
ds 

2 g “\~Hzh ston 


f A V 

= H'A f d Ls 

d$ 

f CO . r . —J 

— 2g a ° +H, isUn 
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or 


34=12 + —; 


4 X 0‘01 X 24 


IX 64’4 


X 


2% X 30 


60 


X 0'5 X 


8 s “l 2 

frj +«1 




4X 01)1 X 7+32 
0-1015x2x9 81' 


10' SC* 3 3 66 + n'o i ^ 


"2tc X 30 
60 


X0-1524x( 1 ~) 2 ] a +// 1 , isi o„] 


or 


34-12+1'76+A/ 


JHStpft 


[or 10’36 = 3 66+0'537+// 3 „ S ( 0 J 

H jns to n =34—13'76=20'24 ft of water absolute 
or 13"76 ft of water vacuum 


[or H vu t on = 10-36—4-197=6*163 m of water absolute 

or 4'197 m of water vacuum] 

20-24x62 4 o ., 0 ,, , . , , . , 

or — r-±A. -■ =8 7o lb/sqm. absolute Answer 


|^or 6 163X [ q q^^qq =0'6163 Kg/cm E absolute Answer J 

c) Pressure head on the piston at the end of suction stroke— 

At the instant when suction valve is just going to be closed and 
delivery valve has not yet opened 3 suction head H 3 is still acting on the 
piston. Also 0 — 180°. 

cos 180°= — 1 i.e, 3 Ha s is negative 


Il a /m= Hs 4* ( //ft 3 ) + Hf s + //j. is ion 


Further Hf = 0 (V velocity is zero) 


• * H aim — //j 7/fl s A'^pi&ton 

or 34= 12— H'7-{-Hpikton 

.. \H a is same as in case of (a)] 

[or 10*36=3*66-4-48+// jnfi U 

or //jj 2S /o?i”34 —12 +14'7 

= 36'7 ft of water absolute 

[or Hyision^ 10*36 — 3*66+4*48 

«11-18 m of water absolute] 

i,e, 3 more than atmospheric pressure 

or 2 7 ft of water gauge 
[or 0*82 m of water gauge] 

62'4 

or 36*7 X - f - - -=15 9 Ib/sq in. absolute Answer 
144 ' ’ 

[or 11 ■ 18 X To ^°^ 0 - =1118 Kg/cm 2 absolute Answer J 
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DELIVERY STROKE 

■ m m 


a 

1 
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\ 

i 

1 

'« 
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i. 

/ 


34(1 V 

| SUCTION STROKE 


Fig 11.13 Theoretical Indicator 
Diagram 


11.12 Indicator Diagrams— 

a) Theoretical Indicator Dia¬ 
gram-Fig 11.13 shows the theoreti¬ 
cal indicator diagram of a reciprocat¬ 
ing pump, The stroke and the 
pressure of the piston are represent- 
ated by *-and jvaxes on the diagram 
respectively. The area him n represents 
the work done per revolution for a 
single acting pump. 


In the above diagram line ab represents the atmospheric pressure. 
The pressure during suction stroke is below atmosphere by an amount 
equal to the suction head H 3 and therefore the line hi represents the 
suction stroke. Similarly the line mn represents delivery stroke which 
is above atmospheric pressure by an amount equal to delivery head H d . 


b) Effect of Acceleration in Suction Pipe on Indicator 
Diagram—The accelerating head H a depends upon cos 8 as proved in 

Eqn 11.11, therefore accelerating head 
curve is a cosine curve. Hence the 
accelerating head is maximum at the 
beginning, zero at the centre and 
minimum (negative) at the end of 
suction stroke of piston. This makes 
the shape of the indicator diagram as 
shown in Fig 11.14, that is at the 
beginning of the suction stroke the 
negative pressure becomes high 5 equal 
to H s +H d and at the end of the suction 
stroke the negative pressure is reduced 
by H a . 



Fig 11*14 Effect of Acceleiation m 
Suction Pipe on Indicator Diagram 


The area stba of the diagram remains the same, therefore the 
work done is unaltered. 



i 


Fig! 11.15 Effect of Acceleration in 
Delivery Pipe on Indicator Diagram 


c) Effect of Acceleration in 
Delivery Pipe on Indicator Dia¬ 
gram—As shown in Fig 11.15, the 
acceleration head is added at the 
beginning and is subtracted at the 
end of the delivery stroke. The total 
area pqab of the diagram remains 
same and hence the work done is also 
not changed. 

The minimum pressure head in 
the cylinder— H d —above atmos¬ 
phere. 

(This is represented by point q in 
Fig 11,15). 
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or Absolute minimum pressure head=34+(// d — H a ) 

The separation is likely to occur at the end of delivery stroke if 
this value is less than 8 ft of water, 
or 34 +H d —H a > 8 

H a < 2 6+H d 

The pump may be delivering water 

with a delivery pipe of shape shown in 

Fig 11.16a or Fig 11,16^. In Fig 11.16a, 

the delivery pipe is vertical first and 

then it is bent to be horizontal. In this 

case the delivery head will become zero 

at the bend, after which there is still a 

long horizontal pipe which will have a Fig 11.16 Sepaiaiion in Bent 
, . r , , , Deliveiy Pipes (a) Fitst Vertical 

considerable value of accelerating head Then Horizontal ( b ) First Ilori- 

H a . Therefore according to the above zontal Then Veitical 

equation the separation will take place 

in such a case at the pipe bend. In 

Fig 11.166, the pipe is horizontal first and 

then it becomes vertical. There is no 

possibility of separation in this case as 

at the bend, there is still considerable 

H d that is always greater than H a . 

d ) Effect of Friction in Pipes 
on Indicator Diagram—The friction 
head in suction as well as deliveiy 
pipes will be added to the indicator 
diagram, such that the inclined lines 

St (Fig 11.14) and pq (Fig 11,15) will Eig 11,17 Effort of Friction in 
become parabolic curves as shown in Pipes on Indicator Diagram. 

Fig 11.17, As the area of the diagram will now inciease, the total 
work done will also increase, 

11,13 Air Vessel—Air vessel is a closed chamber fitted on the 
suction as well as on the delivery side, near the pump cylinder, to 1 educe 
the accelerating head. 

Functions : 

a) Suction side — 

1) Reduces the possibility of separation, 

2) Pump can be run at a higher speed, 

3) Length of suction pipe below the air vessel can be increased. 

b) Delivery side — 

4) A large amount of power consumed in supplying accelerating 

head can be saved. 
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5) Constant rate of discharge can be ensured. 



Fig 11.18 Au Vessel on Suction and Deliveiy Side 

In order to eliminate the possibility of separation, the length of 
the suction pipe where the fluctuation of acceleration takes place can 
be effectively reduced by inserting the air vessel in the suction pipe. 
The air vessel is fitted near the pump cylinder, thus the length of the 
fluctuating column is considerably reduced, allowing the pump to run 
at a higher speed without the danger of separation. 

In some cases where the pump has to be installed away from the 
sump, a long suction pipe can be safely used by fitting the air vessel 
near the pump cylinder. 

Air vessel is also fitted on the delivery side to minimise the length 
of the fluctuating water column. Since the length is usually large, 
accelerating head produced will be considerable in the absence of an 
air vessel. Therefore the air vessel will save the power consumed in 
supplying the accelerating head. 

Without air vessel, the rate of discharge varies according to the 
sine curve (See Fig 11.7). By fitting the air vessel constant rate of 
discharge will be ensured. 

Working—An air vessel in a reciprocating pump acts like a fly¬ 
wheel of an engine. The top of the vessel contains compressed air 
which can contract or expand to absorb most of the pressure 
fluctuations. 

Whenever the pressure rises, water in excess of the mean discharge 
is forced into the air vessel, thereby compressing the air held therein. 
When the water pressure in pipe falls, the compressed air again ejects 
the excess water out. 

The air vessel acts like an intermediate reservoir. On suction side, 
the water first accumulates here and is then transferred to the cylinder 
of the pump. On delivery side, the water first goes to the vessel and 
then flows with a uniform velocity. The column of water which is now 
fluctuating, is only between the pump cylinder and the air vessels which 
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js very small clue to the vessels being fitted as neai to the pump cylinder 
as possible. 

11.14 Theory of Working of Air Vessel*—Let v P be the velocity 
of piston which is moving with assuming a long connecting rod 

such that the ratio of connecting rod length to crank radius is large. The 
piston velocity at any instant will be given by 

v^' == -Vjp max • sin 0 (See 11.19) 

where Wflfl! =maximum piston velocity 
0 =crank angle 

Let Vj, mfi07l =mean velocity of piston 

= mean velocity of dischaige 

Foi Single-acting pump— 

/ TC 

Dp . dO 

0 

I hen Vy mean c\ 


(COS TC *— COS 0°) —(—1—1) 

2tc ~~ 27u 

..,( 11 . 12 ) 

Similarly for double-acting and triple-acting pump, it can be proved 

that the value =— and — respectively. 

max TC TC 

Considering the delivery side of the pump, Fig 11,19 shows rate of 
delivery vs crank angle for a single-acting pump. This is sine^curve. 
The value of maximum piston velocity v$ mar is shown by a horizontal 
line which cuts the sine-curve at points A and B , when the crank angles 
are Q x and 0 2 respectively. Starting from crank angle 0 to $ h the piston 
velocity is less than the piston mean velocity, therefore, water is being 


/TC 

si 

Cl 


sin 0 . dO 


2 % 


_ 1 _ 

% 


/ TC 

si 

n 


sin 0 . dQ 


0 

2 % 



discharged from the cylinder to the air vessel placed on the delivery 
side. This means that at the point A, volume of water in the air vessel is 


*Art 11.14 to 11,16 aie helpful in designing of reciprocating pumps. 
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minimum and the volume of air at A is maximum. From A to B, the 
discharge from the cylinder to the air vessel is more than its mean value, 
therefore at point jB 3 the volume of air in the air vessel is minimum. 

Let V max = maximum volume of air in the air vessel 

F mtn =minimum volume of air in the air vessel 

then V wax — V min =fluctuating volume of air in the air vessel 

if F tnean =mean volume of air in the air vessel, 

then = co-efficient of fluctuation—5/ ...(11 13) 

' intern 


also 


Vfnax —maximum volume of water—mean volume of 
water delivered by the piston 



wheie yi = cross-scctional area of piston 

T*=timc taken by the piston to move from A to B 

=/ 0 

(for a single acting pump) 
If 6i = angular velocity of crank 

then Q~ o) . t 

d 0 

and d 0 —to . dt or dt= — 

0) 


For 


or 



= —Jl™*.(cos Ox-cos Ox- 6 ---- 1 ) 

(x>\ 4 7T / 

a single-acting pump, 

v„ man • sin Q— mt „ n at points A and B 

Vy max • SID Q*** 

7T 

sin 0*3183 



t r 

0 A =sl8°~34' o t 0‘3246 radians 

...(See Fig 11.19) 
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and 02=180— (18° — 34') 

= 161°—26' or (tt — 0 3246) radians 

Substituting the values of Q 1 and @ 2 , 

T 7 —V ~ d ! v * w 

y man v min — - /\ 

6 ) 


ir-0'3246-0 3246 


] 


£ cos (18°—34') - cos (161°- 24')- 

^0'9478+0'9478— 7r ~°^ 6492 ^ 
ma * XM022 ...(11.14) 


6) 

A . v„ 


Now volume of stroke of piston = A . £ 


-A.v 


'p vifiin 


X time for one revolution of crank 


Vy mav ^ 

7T A (0 


2 A . p. 


(for single acting pump) 


V 1 


-Xv v 


■ x 1 ‘ 1022 


ma* > mm 


Piston Stroke Volume 


o A 

2 — . v~ 


Similarly it can be shown that for a double-acting pump. 


Pf nasr P min 


Piston Stioke Volume 
and for a triple acting pump, 


— ==021 


Prita* P«w»fl 


Piston Stroke Volume 


-=0 009 


= 0’55 

. (11-15) 

.(11.15<z) 

. (11.154) 


This is the proportion of total water discharge per xevolution which 
enters and leaves the air vessel per cycle. 

11.15 Volume of Air Vessel—The fluctuations of volumes of 
air and water cause the variations of pressure which should be within 
the limits. As the air is in contact with water surface, the change of 
volume of air in the air vessel takes place according to Boyle’s Law 
t.e at constant temperature. 


or p . v= constant 


P 


Turn 


where 

♦ • Pm in ~ 


iace —Pmax * Pmm 

”Pinean • Vmean— COHStant 

ran =* mean air volume in air vessel. 


. K 


mean 




and p 


'mu® 1 


Pmean * Pmean 
Vmin 
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Now 5/ the co-efficient of fluctuation- 


Pmax fiimn 


• v m 


ymean • v mean 


finnan * j^tn 


*/« 


v m 


Pmean 

V^tean * [Vmax ^niin) 


mas • K -nun 


Approximately F 7 „ a * . F n)ni =7 2 nJfla7l 

, F„ iar —F tnin 

S/ =-^- 

' mean 

This has already been defined under Eqn 11.13 

• « Pmax fiimn V max V m f n 

* • o/“~ 7,-- 1r - 

Pmean y mean 

Mean volume of air vessel can be wiitten as 


.. (11.16) 


V m 


V —V 

y max y m 


■* ttoJaSj’ft sa* * Pi!t ™ s “' ok ' 


= x 


V 

y m 


-V nl 


Piston Stroke Volume 


X Piston Stroke Volume 


(11.17) 


The volumes of the delivery and suction air vessels are about 40 
to 60 times and 20 to 30 times respectively the volume of water 
entering it per cycle, these proportions increasing with the rotational 
speed and the length of the respective pipes. 


Effect of Connecting Rod Length—In deriving Eqn 11.17, a 
large length of connecting rod was assumed, such that the movement 
of the piston was simple harmonic. With a finite length of connecting 

rod, the value y - increases. Table 11.1 shows such 

Piston Stroke Volume 

variations. 


TABLE 11.1 


Effect of Connecting Rod Length on 


_ Vmax Vmin _ 

Piston Stroke Volume 


T 

T 

0 

I 

I 

i 

1 

V ma x V min 

Piston Stroke Volume 

i 

0 21 

0 25 

0 27 

0 30 


Problem 11 6 Determine the size of air vessel for a differential 
pump if the permissible fluctuation of pressure is 3%. 
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Solution 

The differential pump acts like a single pump on suction stioke 
(See Art 11.21, Fig 11.22), therefore the suction air vessel should be 
designed accordingly. 

Suction air vessel mean volume 

= — X p - XPiston Stioke Volume 

5/ Piston Stroke Volume 

= X 0 55 X Piston Sti oke Volume 

= 18 3 X Piston Stroke Volume Answer 

On delivery side, the differential pump acts like a double acting 
pump, 


Mean volume of delivery air vessel 

= * X0*2l X Piston Stioke Volume 

o 

=7 X Piston Stroke Volume Answer 

11.16 Resonance in Reciprocating Pumps—It is seen that in 
deliveiy pipe, connected to the air vessel and running away from it, the 
time period of free oscillation of water equals the time period of 
impulse of the pump. Such a phenomenon is known as resonance , which 
if it occurs, gives rise to a very high pressuie. The pipe may not be 
made to withstand such a high pressure and it may burst. 

Time period of impulse of pump —If the speed of a pump is n rpm, there 
are n impulses in a mmute for a single-acting pump. Then the time 

1 60 

period of the impulse of the pump is — minute or—sec for a single- 
acting pump. For a double-acting pump the time period of one impulse is 
^ sec and for a triple-acting pump, the time period of impulse is — sec. 

Time period of free oscillation of water —In Fig 11.20, water column in 
the delivery pipe is held in equilibrium by the pressure of air in the air 

_L 

dy 

T 



Jl _ L_L 


z - DELIVERY z_“ 
--AIR VESSEL ~ - 


1 

T 




Hd 





Fig 11.20 Deleimmation of Time-Penod of Fiee Oscillation of Walei 
in Delivery Pipe 
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vessel, such that it acts like a spring carrying a mass, shown in the 
Figure. There will be a time period of oscillation of water in the 
delivery pipe, analogous to that of the mass placed on the spring. 

For a mass m supported by a spring of stiffness k lb per ft length, 
the time period is given by— 


T — 2 tt 


where /c= 


V : 

Force 


deflection 


seconds 

dP 

~dy 


...( 11 . 18 ) 


In an air vessel, the mass moved is the mass of water in the delivery 
pipe (See Fig 11.20) 

t a d . L d 
o 

Force acting at the base of this water column —p . a a 
where />=pressure of air at equilibrium position 

Let Vmtan —volume of air in the air vessel at equilibrium 

position 

then p . Vmean ^constant ...(Boyles 1 Law) 

If water column in the delivery pipe is depressed by dy , the pressure 
in the air vessel will rise by dp and at the same time the volume is 
diminished by dV 

(p+dp)(V m ian ~dV)~ constant 
or p . V mean +dp . V mean —p dV== constant 

(neglecting dp , dV } being infinitesimal of higher order) 

or dp . V mean ~p . dV . V m0 an= constant) 

dV V 


or 


...(11.19) 


Additional force acting on the base of water column due to 
depression = . dp 


Stiffness k= a - d -^-=-- d ‘ ■ •JiL 

ay aa . dy dV 

=/7 <*d-P 

. y 

V mean 

time period of free oscillation of water 


...( 11 . 20 ) 


w . a d . La 


=2tt 


g 


-=27r A 


/ W.Lg.V* 
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To avoid resonance 


60 

71 


7* 


2ir 


V- 


9 .a*. H d 


...( 11 . 22 ) 


In case of resonance, the values of either a d or V me(ltl are altered. 
From Eqn 11.21, it is seen that time period of fiee oscillation of water 

depends on factor ^ which varies, to a large extent, according to the 

■lid 

kind of service, the pump has to perform. 


Practical data for 


hi 

Ha 


For Water works pump =100 approx 
Water reservoir pump= 10 approx 
Water storage pump= 1 approx 
Boiler feed pump = approx 

Press pump ^tijo approx 


If for a pump the value is large, the time period of free oscilla- 

ris 


tion is also large, which means there is little chance of resonance in water 
works and reservoir pumps, However there is every likelihood of 
resonance in the case of the boiler feed and press pumps, therefore, they 
are not equipped with any air vessel on the delivery side. The air 
vessels for such pumps are not needed as the length of the delivery pipe 
will be very small. 


That the boiler feed pump as well as the press pump are not pro¬ 
vided with air vessels can be explained from the consideration of accele¬ 
rating head. When no air vessel is fitted, the pressure developed in the 
pump has also to supply the accelerating head of water arising out of the 
fluctuation of speed of whole of water column. In case of boiler 
feed pump or press pump, the accelerating head on the delivery side is 
just a fraction of the total delivery head. Hence no air vessel is required 
on the delivery side of such pumps. 


11.17 Suction in Pump with Air Vessel (Fig 11.18)—When an 
air vessel is used, suction takes place in two steps, First the water flows 
through the suction pipe into the air vessel and then it is raised from 
the air vessel to the cylinder. 

Considering the portion between air vessel and cylinder, let H Sv be 

the static head between the centre line of cylinder and water-level in 
air vessel, L $v be the length of the suction pipe between them. Then 

if H v be the pressure head acting on water surface in the air vessel, 

it must work against the forces resisting opening of the non-return valve, 
the vapour pressure and frictional resistance to flow of water, Besides, 
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or H v =»i/, + H a +H f + H 9 + H v +H mv ...(11.23) 

x v B V g V J 8 1 

The acceleration f s is maximum when piston is at its dead centre 
i.e. 3 at the beginning of suction stroke when velocity is zero. Then 

H v =H s +{H aa ) 

max + 0+i/« + H v 
1 v °v s 

L' v A 

or H Vi =H S '+~ . — . <u 2 • r+II V£ + H Vf ' +H vap ...(11.24) 

Similarly deriving equation for the poition between the sump and 
the air vessel : 


There is no fluctuating head in this portion as the flow is uniform. 

Atmospheric head = static head + head in air vessel-f frictional 
head due to unifoim flow + kinetic head due to uniform velocity. 


or + Af . L * 

v 1 d s 


?£_, v ±_ 

2 g + 2 g 


..(11.25) 


Therefore adding the two steps (Eqn 11.24 and 11.25), the atmos¬ 
pheric pressure has to work against the following forces : 

4 f L, v s 2 A » ! 

. ty + Y • — . «* . r+H V ' + H Vf ' +H vap +^ 

...(11.26) 

From this equation it is seen that since L Si} has become smaller 

because of the introduction of an air vessel, H s can, therefore, be increased. 
Thus, the pump can be placed at a greater height above the available 
water surface. This is obviously an advantage in many cases. 

t \ Pressure head on the piston at the beginning of suction stroke 
4 fL, v s 2 L \ A 

• *+"T ' 5T' + f g •••<»•”> 


‘H.+ - 


4 fL, 


d. 


—4- 
‘ 2g + g 


co‘ 


rJ[ ~2g ( ne 8^ ect i n g valve losses) 

...(11.27a) 

At the middle of suction stroke, 6=90°, which means cos 0=0 
or accelerating head H„ a is also equal to zero. But the velocity of flow 

A 

at this point is maximum and equal to — . w , r, therefore the frictional 

a 9 

head loss Hf for the length L. will have to be considered. 

*v v 

Pressure head at the middle of suction stroke 
=H,+H ft +H, b +H k . e 


-H s + 


4 fL , v_l 
d, ■ 2 g 


*fL 


•• /A V 

i- . — . co . r) 


2 g 


...(11.28) 



RECIPROCATING PUMPS 


325 


Pressure head at the end of suction stroke 

(when 0 = 180°, cos 0 = — 1 t.e. H af is negative) 


= H S J {-Hf i — (Ha s ) m at~\r^K £ 


, ±/^ If. 
- Ha+ ds ' 2 g- 


Lb. 


_V A_ 

g ' 


r + 


2 g 


,*.(11.29) 


Problem 11,7 The single acting pump in Problem 11.4 is now 
equipped with an air vessel on the suction side such that length of 
the suction pipe from the cylinder to the air vessel is 5 ft and the mean 
water level in the air vessel is 2 ft below the centre line of the cylinder. 
Find the speed at which the pump can operate without sepaiation 
occurring at the beginning of suction stroke. Assume /=0*01. 


Solution 

_D = 10 in. 5=18 in. 

5 in. L s —5 ft I,=35 ft 

V 

H s = 10 ft H Sv = 2 ft 


Now, the length of water column where the fluctuation of accelera¬ 
tion takes place, has been decreased from 40 ft to 5 ft. In 35 ft length 
of pipe on suction side the velocity of water is uniform. This velocity 
is found as follows : 


a 


A.S. 


(Is 


6U 


TV 

T 


Xdj 


100X 1‘5 X jV 
60x25 


=0* 1 JV* ft/sec 


As shown in equation 11.26, the atmospheric pressure has to supply 
the accelerating head for the length of water column between the 
cylinder and the air vessel and the pipe frictional losses for the rest of 
the length below the air vessel, in addition to the static suction head and 
valve losses etc. 


stroke : 


or 


Equation 11 27 for the flow at the beginning of the suction 

H alm =H,+ (H^ ),»„,+#„*+ [-TStK 

34-10+[ 32 5 2 x!| X ( 2 * 0 ~)'xt]+8 


4 


r 4 X O'Ol X 35 jo -1 JV) 2 1 , ( 0-1 JV)* 
[_ ft x 64'4 J + 64 4 


, r 5X4 4 je* , D 

- 10 - 1 - j_ 32-2 x 3,600 x0 75 J + 8 


+ 


"_ 0 ; 


2 A 3,600 
0-48x35x0-01 JV 2 


r 2 - 


+■ 


0-01 JV 2 


64-4 


5X64-4 
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or 34- 18=JV 2 (0-00514+0-000521 40*000155) 
or 16 = 0 095816 jV 2 

>095816 = 521 rpm 

Therefore with the air vessel the speed has been increased from 
17'14 to 52i rpm. 

11.18 Pressures in Cylinder on Delivery Stroke with Air 
Vessel—Let the length of delivery pipe between cylinder and air vessel 
be (See Fig 11.18) and the length of delivery pipe beyond air vessel 

be L d . By fitting an air vessel on the delivery side fluctuation of pressure 
takes place between the cylinder and the air vessel and the flow becomes 
uniform beyond the air vessel. Therefore the velocity of water will also 
be uniform in length L (i . 

The frictional head due to the uniform flow in delivery pipe of 
length L d would be 

u 4 fL a v d 2 

Ht =-da ~ 2g 

where the uniform velocity Vj in the delivery pipe 

£ A.S.Jf /r . , 

— — =—-—gQ— (lor single acting pump). 

Due to the uniform velocity, the above frictional head H fd would 

be taken into account when calculating the pressure at the beginning, 
middle or end of the stroke. 


Accelerating head in the delivery pipe between cylinder and air 
vessel where the fluctuation of pressure takes place : 

Ld v A 

Ii a , =- . — . w 2 . r cos c ot 

d 9 (Id 


Pressure head on the piston at the beginning of delivery stroke 
= H d +H fil +II a ^ + H k , e . 



•2 g + g 


A_ 


. to 2 . r + 


v jL 

2*7 


.,.(11.30) 


(N.B. This equation on delivery side is similar to Eqn 11.27(2 which is 
derived for suction side.) 

This is the pressure when 9 = 0 or cos 9^1 i.e, } maximum occuring 
at the beginning of delivery stroke. 

At the middle of delivery stroke, 0 = 90° which means cos 0 = 0 or 
accelerating head H ad is also equal to zero. However, the velocity at 

A 

this point is maximum and is equal to — . w . r, therefore the frictional 

da 

head loss H, for the length L d will have to be considered. 

dk i v 
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Pressure head at the middle of stroke 


~H d +H fi +H fd + H k . £ . 

V 

rr J*f L * v jL , 4 /Ld " f£ 

“ 4 • 2flf + 4-ty • W • 


Pressure head at the end ofdeliveiy stroke 
—H d + H /d — {H lld ) ma i+H K 9 E 


H + ifLi 
=Hd+ 4 


Vd* ^ A V'f 

cT —— . —. w 2 . r + o— 
2 g g a A r 2 g 


...(11.31) 


...(11.32) 


11.19 Theoretical Power Required to Drive the Pump Fitted 
with Air Vessels on Suction and Delivery Sides—In order to detei- 
mine the theoretical power requiied to drive the pump, when it is fitted 
with air vessels both on suction and delivery sides, the maximum pressure 
head on the piston must be known first. The maximum pressuie occurs at 
the beginning of suction and delivery strokes, (See Eqn 11.27a and 11,30). 

Adding the heads given by these two equations— 

Total head against which the pump has to work 

4/.L, £.*!/• A* £ o. r 

-H,+H t + ds • 2q + I d ‘2g + g * 


^ A . V* V d * 

+ 0 ’ a ’ ,+ 2g + 2g 

If Q^cusecs of water aie required to be raised, the work done per 
second by the pump 

... „ A. rf.S ± „ 


= w ■ Q.\ H >+ H *+- d - ■ T g +~d d 


V A Vs Vd\ 

+ T**'“ I,,+ ^ + - {11,33) 

As the lengths of pipes L Sv and L dv are much smaller than L s and L d 


respectively, the corresponding accelerating heads 


U a* 


, co®. r and 


. w 2 , r can be neglected. Similarly the terms 7 ^ and ^ are 
also neglected. 

Theoretical HP required by the pump fitted with air vessels 
Work done per second 
“ 550 

-T 5 o 4 ■ («+*+ 4 -$± ■ ■ a - 0 «« 
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Problem 11.8 In a double acting reciprocating pump the plunger 
diameter is 12 inches (or 304*8 mm) and delivery pipe is 6 inches (or 
152*4 mm) in diameter. The lengths of delivery and suction pipes are 
1,500 ft (or 457 m) and 30 ft (or 9T5 m) respectively. An air vessel has 
been fitted near the pump cylinder on the delivery side in order that the 
velocity of how in the delivery pipe is constant. The height of the 
pump above the level of water in the suction sump is 10 ft (or 3*048 m). 
The plunger moves with simple harmonic motion and makes 60 strokes 
pet minute. If the stroke is 16 inches (or 406 mm) and the water is 
laised through a net head of 250 ft (or 76*3 m ), find the diameter of the 
suction pipe in order to avoid the separation at the beginning of the 
suction stroke. The separation commences to appear when the pressure 
in the cylinder falls to 8 ft (or 2*44 m) of water absolute. Compute the 
HP of the pump neglecting all losses except due to friction in the delivery 
pipe. Take jf=0'01. 

Solution 

Double acting pump D=12 in.-=l ft (or 304'8 mm) 

*dd~ 6 in.=0*5 ft (or 152 4 mm) 1^=1,500 ft (or 457 m) 

L $ — 30 ft (or 9*15 m) H s :=10 ft (or 3*048 m) 

S=16 in.=— ft (or 406 mm) ^ ( or ^03 mm) 

M—60 strokes/min — 30 rpm 8 ft (or 2*44 m) 

77=250 ft (or 76*3 m) /= 0*01 

Using equation 11.9 

H aim =H s i-H fs +77^ + H V(lp ...(neglecting valve losses) 


or 34=10+ , co 2 • r . —— . cos 0+8 

d 6 2 g 1 g a t 

for 10*36 = 3*048 + - *f' - . 4*+— ■ . r . — . cos 0+2+4] 

L d, 2g' g a, J 

At the beginning of suction stroke— 

Here the velocity v s is zero. 0 = 0, cos 0=1. 

or 34=10 + 0+ A_. u) a . r . —+ 8 

9 

£ 10 , 36=3 , 048 + 0+ . <** . r . -4+2+4 J 


L, 2 

or — . w 2 . r 
9 


=34-18 


[or =10*36—5+88=4-872] 

/ 2tcX30 \ 2 8 D 2 


30 / 2TCX30 y 8 

32*2 X V. ^60 / X 12 

9*15 /2irX30\* , n . nnn 


X-^-j-=16 ...where £>■»! and rf,=? 


or 9*81 X 


(2 5 _X 30V 

l 60 ) 


X 0*203 x 


-=4*872 
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d : 

r /9 15x4tt 

L ot rf »= v 4 


'.-V 


30 x 4 x it 2 x 900 x 8 x 1 


16 X 32 - 2x 3,600 x 12 

; 4w*x 900 x O' 203x0-3048 
872 x 9 81 x 3)600 

or d, = 0 618X 12=7 42 in, = 7J inches 
[or r/,=0 188x 1,000=188 mm] Ansuer 

The quantity of water flowing in the pump 


= 0-618 ft 


Qj= 


2 . A . S . JV 


12 X 60 


= 0-188 m 
Ansu e) 

30 


60 =2x (J xl 2 ) x "r' x -~“ 1 ' 05 cfs 


✓ r JT~ \ SO 

or Q= 2xf 4 - xO‘30 48 2 J xO 406x-gQ = 0 0296 m’/sec 

The velocity in the delivery pipe is uniform— 

O 1 05 105 

ir ( i y 

t x (t; 

0-0296 


»<i= . -■ 

Od 


0 197 


= 5*33 ft/sec 


or v d - 


^-XO'1524 2 
4 


- =T62 m 


/sec J 


As tlieie is an vessel on the delivery side, theie is no accelerating 
head H a , but the frictional head on delivery side 




or 


4/. Lg 
da ' 2(7 

4x0 01 x 1,500 (5‘33) 2 

4 x 64-4 

4x0 01 x457 1 62 2 

X, 


0-1524 


2X981 


= 53*3 ft of water 
= 16*2 m of water 


Total head deliveied 

static head + frictional head losses+acceleiating heads 
= (H,+H d ) + {H Js + H fj ) + (H lls +H aa ) 

=250+(0 + 53-3) 4-(16 + 0) =319 3 ft of water 

[or =76 3 + (0+ 16-2)+(4'872 + 0)] 

= 97'372 m of water ] 

,\ Horsepower required by the pump 

w . d- H 62-4x 1-05x319-3 

550 - 550 


=38 HP Answer 
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P ytti 1,000 x 0 0296 x 97*372 „ Q _ , . . -i 

or HP=— -^-—38 8 metric HP Answer 

1120 Work Saved by Air Vessel in Overcoming Pip e 
Friction —When a pump is equipped with air vessels, the accelerating 
heads on both the suction and delivery sides are reduced, which results 
in the saving of some energy. The length of suction pipe being small 
the work saved by the air vessel, on this side of the pump, in overcoming 
the frictional head will also be small, and can be neglected. However, 
the length of the delivery pipe is large, therefore the work saved is 
considerable, and it is determined as below. 

Considering a single acting pump, the work done per second in 
overcoming pipe friction on delivery side without air vessel 

—» ■ 0,. (* H, a ) 


(As the motion is simple harmonic, the effective friction head would 
be § of the total friction head because the curve representing it, is a 
parabola). 


^ 3 * d d . 2g Ka d 


A y 

— . a) . r ) 
a ( r J 


...(11.34) 


Work done per second in overcoming the pipe friction on delivery 
side with air vessel 


‘ Q- Hf=w . Q; 


. 4 f.L a 


d A ' 2 g 


The velocity in the pipe beyond the air vessel is uniform, and is 


A . S . N 2r 


60 . a a 


Qa 


03 

2tc 


Substituting v d in the above equation, work done per second in 
overcoming the pipe friction on delivery side with air vessel 

-"•a-4££-•(£•*•£)’ 

Work saved by equipping the pump with an air vessel on 
delivery side 

= w . 0 -A—Q— (— •» •')* ■ (-5-—t) ...(11.36) 
^ d a .2g • \ a a / U j[V v 1 

Percentage of work saved per second 

r 2 -M 

v 3 J X 100=84'8% 


Similarly it may be shown that the same percentage of work can 
be saved by fitting another vessel on the suction side in the case of a 
single acting pump. 

Double Acting Pump —Work done per second in overcoming 
friction in delivery pipe without air vessel 


. a 



da ■ 2g V a d 



...(11.37) 


(same as in case of single acting pump) 
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Work clone per second in overcoming friction in deliveiy pipe with 
air vessel 


= w . d . 


Vd 


• 2 g 


(A 

2 V 2 

(— . co 

. r .— ) 

\ <*d 

% J 


L aS 


as 


...(H-38) 
2A.S.N 


60 . a d 




Percentage of work saved per second 

3 TT 2 


X 103 —39'2% 


Problem 11.9 A single acting piston pump is equipped with an 
air vessel on the delivery side. The piston moves with a simple harmonic 
motion. The diameter and stroke of the piston are l ft and 2 ft 
respectively. The delivery pipe is 7 in. in diameter and 200 ft long. 
Determine the HP saved in overcoming friction in the deliveiy pipe by 
the air vessel. The pump runs at 120 rpm. Take /=0'01, 

Solution 

D=x \ ft 5—2 ft ^=7 in. 

L d =200 ft JV*= 120 rpm /=0*01 


Work done per second in overcoming the pipe friction on delivery 
side without air vessel 






£• 


2 , 4/. L a f A 

3 X d a .2(j \a d 


rV 


(Velocity of water in the delivery pipe without air vessel is 
proportional to that of the piston) 

Work done in overcoming friction in the delivery pipe with air 

vessel 


With air vessel the velocity of water in the delivery pipe is taken to 

a a . s. jv 


be uniform and equal to 


a d 


. 60 


A to A r, to 

a d T ' 2t r~a d ' ir 


Work done against friction with air vessel 


— w . Q_. 


4 fj y (i. . f « y 

. 2 g ' \a d ' 7r J 


da ■ 2 g 


Work saved in overcoming friction in the delivery pipe by 
fitting the air vessel 
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= 62‘4x X l 2 x2x 120 

2w X 120 


60 


X 


/ 12 ‘ : 

I - \/ ■ 

V7 2 ' s 


60 


X -> 


4X0-01X200 
x 7 7 X 64‘4 

\ 3 7 T 2 ) 


= 56,680x (0’66-0’1017) = 32,300 ft lb/sec 
HP saved by fitting the air vessel 
32 300 

= ^—=58'7 HP Answer 


11.21 Other Types of Reciprocating Pumps— 

a) Direct Acting Steam Pump : When steam power is available, 
pistons of the pump and the engine can be directly connected to each 
other (Pig 11.21). By this arrangement, crankshaft and flywheel can be 
eliminated. This pump is mainly used for feeding water to boilers. It 
may be single or double acting depending upon the pressure required/) 



Pump Duty —The “duty” of the reciprocating pump driven by 
a steam engine is the No. of ft lb of work given out by it for every 
1 >000,000 BTU supplied to the engine by the boiler. 

Pump Duty 

& ft.gx 1,000.000 _ 

Wt. of steam used/sec X Total heat of 1 lb of steam supplied 
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This definition is applied only in FP5 units. 



Ffq 11 .22 Diflei uilial Pump 

b) Differential Pump : Single acting piston pump is equipped 
with a pipe bend connecting the piston rod-end of the cylinder to the 
delivery pipe (Fig 11.22). Cross-sectional area of piston-rod is generally 
made half that of the piston itself. The thick piston-rod and the actual 
piston are known as differential and main pistons respectively. 

When the piston moves forward in the delivery stroke only half 
of the water in the cylinder is delivered, the rest being transferred to the 
other side of the piston rod. This water is delivered when the piston 
moves backward in the suction stroke. Thus delivery takes place at a 
more uniform rate. 

11.22 Design of Valves for Reciprocating Pumps —The main 
dimension of the valve to be designed is its lift. The opening 
resistance of the valve should also be determined which is very important 
in case of suction valve, because if the opening resistance is more, the 
suction valve may not open. 

Let Piston area—#,, 

Piston velocity = to . r . sin Q — Vp . sin 9 

Water pushed forward by the piston *=<2* . v^ . sin 6 

This water comes out of the opening shown in Fig 11,23. The 
valve being raised, the water discharges out. 

7 T 

Let area of opening—^ = ~ d ^ 

Velocity of water in the opening 

Discharge through the openings* . 

and discharge through the va!ve=C , d , % . d . h . v 

where Co-efficient of discharge 

d= diameter of valve 

h = valve lift or valve displacement (See Fig. 11.25) 
v= velocity of water discharging through the valve, 
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Fig 11 23 Val\ r of Reupiocating Pump, Bi mg Opened 

Water pushed forward by the piston=water coming out of 
opening=water discharging out of the valve. 


or a v . v T . sin d=a.\ . &x=C rt . it . d , h . v 

- (11.40) 

. a-,, . v p . sin 6 

or h— n j 

Ca . % . a . v 

...(11.41) 

Put „ =/* 


C d . iz . d . v 


Then valve displacement h—k . sin 6 

...(11.42) 

Valve velocity ==—--== A . co . cos 6 

CO 

and valve acceleration = —k . cu 2 , sin 0 

at 2 

...(11.44) 


Tabulating the values of displacement, velocity and acceleration 
of valve and piston— 



Displacement 

Velocity 

Acceleration 

Valve 

k . sin 0 

k . co , cos 6 

—A ♦ to 2 . sin 9 

Piston 

r (1 —cos 0) 

r . o) . sin 0 j 

r . co 2 cos 0 


It is seen (See Fig 11.24) that velocities of valve and piston differ 
by a phase angle of 90°, i.e. } 

when f) —0, velocity of valve is max 
and velocity of piston is zero. 
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In practice whole of the water 
pushed forward by the piston is not 
delivered through the valve when 
the valve is moving upward as there 
will always be some space beneath 
it. The watei delivered by the piston 
will fill up this space first and the 
remaining water goes out of the 
valve periphery. 

Let z/s= valve velocity, 

then quantity of water beneath 
the valve 

— a . vt = — d 1 . v 
4 

Hence a v . sin 0 — a . zi'-f- C d . 



Piston \s Ciank Angle 


t r .d.h.v .. (11,45) 


This equation holds good when the valve is being lifted. When 
the valve is being lowered, the discharge equation will be 

Ca * v • d , h , v=aQ . . sin B+a . v ..,(11.46) 

Both the discharge equations can be written as— 

C d , rr . d . h . v~a v . v v . sin B+a . v ...(11.47) 

sign is for the valve being raised, 
and —ve sign is for the valve being lowered. 

This is known as WestphaVs Law. 


or 

Now 


a y * Vy ■ sin Q a . v' 

C d . it . d . v — C d . 7r . d , v 



oi . cos 0 


...(11.48) 
.. (See Eqn 11.43) 


j x _Jb * • 5111 


C d . % . d . v 


a . k . oi . cos 0 
C d . % . d . v 


a v . oi . r sin Q 
Cd . d . v — 


a 


f ■ oi . r \ 
\C d . tc « rf , p / 
C a . % * d. v 


oi . cos B 


and 


~a 

dh 

~~dt 


a» . ca ,r ( . A 

;— - j - sm 0 

a • ic ■ d . v \ 


a , a) . cos I 


% . d . v 

_ <b 1 * • 1 . A os Q x - sin l _'l (1149) 

“Cg.ic.rf.wt + Ci.w.d.v )" { 1 


) ...(11.48a) 


From Eqn 11.48a, it is clear that when 0=0, li is not equal to zero. 
Let this value of displacement be h 0 


then h e -fr- h ~ r~ ( 0 + w —i . ) 

C* • n • d . v\ — Ca . % . d . v s 


a„ . a . 


' (C; . 7 t ■ d. v) 1 


...(11.50) 
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Thus this amount of valve remains open, when the piston is at its 
dead centre. Now the piston starts its suction stroke, with which the 
delivery valve is sucked back on its seat. This gives lise to a phenomenon 
known as Pounding of Value , which should never be allowed to occur. 
In order to avoid pounding of valve, the valve must be closed before it is 
sucked by the piston on the return stroke. It is possible by providing the 
valve with a spring. The stiffness of the spring depends upon the pump 
speed. The greatei the speed of the pump, the stiffer the spring will be. 

For the suction valve, which opens by the atmospheric pressure 
the stiffness of the spring should not be such that it may not open. 


Practical Data : 

A.- 



JV* , Jljyia 16 


where diameter of valve 

jV=pump speed in rpm 
h max = maxi mum valve lift 

Referring to Fig 11.23 

d\ . V] = C d , % . d . h . v 

Let d±~d 

then /j= ^ x (approx) 

Valve Seats (See Fig 11.25) are either flat or conical. The flat 
seats are preferred. Disadvantages of conical seats are as follow— 



(b) 

Fjg 11.25 T) pcs of Valve Seals 


a ) Fiat Valve Seat h) Conical Valve Seat 

1) The actual opening is less than lift 

2) The valve guide must be loose, because it is difficult to attain 
the coincidence of axes of the valve and the seat. 


Opening Resistance of Valve —Before the valve begins to open, 
some resistance is encountered. This is known as opening resistance of 
valve. On the top of delivery valve, the pressure acting is p lb/sq in (or 
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kg/cm 3 ) which is due to delivery head H a . In addition to this pressure, 
there is spring load 5 lb (or 2.27 kg). Let the pressure below the delivery 
valve be p\ (See Fig 11.23) 

Then force trying to open the valve=* a x . p x 

Opposing force =*a .p+s+m .f x +w' 

where mass of valve =— 

9 

ttf=weight of valve 

weight of valve in water 
f i= acceleration of valve 

Force trying to open the valve=*= opposing force 
i.e. a x . px~a ,p+s-hm f x +w' 


or a x . pi—a x . p=a . p-a x .p+s+m f x +w ' 

(substracting a x . p from both sides) 

or «1 . (.pi-p)=(a—a 1 )p+;-}-m .fi+w' 

. a—a x | s-\-w r mf* 

or Pi-P= — P+ + — — 


A >- sJrw ' , m ■/i 


.(11.31) 


1 —“Opening resistance of valve, which is veiy important to 

calculate in case of suction valve. Ordinarily it should not be more 
than 8 ft (or 2.44 m) of water absolute, otherwise the valve may not 
open. 

i / 

————1*3 to 4 ft (or 0*4 to T2 m) of water 
a x . w v 1 

Problem 11.10 A single acting, single cylinder reciprocating pump 
delivers water to a height of 100 ft. The cranky having a length of 6 in. 
makes 40 rpm. The diameter of the pump cylinder is 6 in. The 
delivery valve has a diameter of 4J in. and the opening in the cylinder 
to the delivery valve has a diameter of 4 in. Assume simple harmonic 
motion for the piston. Determine the opening resistance of the delivery 
valve. 


-=t=2'5 ft of water 


Solution 


H d = 100 ft- 
jV==40 rpm 

d— 4*5 in. 


r=0'5 ft 

D~6 in. 
d\ =4 in. 



338 


HYDRAULIC MACHINES 


Maximum acceleiation of piston, os 2 . i 



(assuming n as infinity) 
. ? = (^ 6 X 0 —) 2 X 0-5 = 8-75 ft/ser 2 


Acceleration of water through the delivery opening 
n r >2 

/,= -^ 2 • /„= 4 ,-x 8-75= 19 7 ft/sec 2 

«i= + ^=-4 x ( 4“) 3 =0 ° 872 Sq ft 

Now = 2'5 ft of water 

♦ w 

.\ s+w' — 2 5 X tfi . w 

= 2*5X0 0872x62*4 
= 13 6 lb 


Out of this value, take w' less than 5 ib and z<j = 6 lb 


Opening resistance of valve 

Pir-P b P | * + w ' , m -/ l 

zu . ze; ‘ a\ . zt; 


4 4 2 6 19*7 

__ 42 xiuu or 32 2 x 0 0872x62*4 

=26 5+2 5+0-674 

=29 674 ft of water 

^30 ft of water Answer 


UNSOLVED PROBLEMS 

11.1 Define pump. Explain how the liquid is raised by a pump. 

11 2 What is “suction head 4 5 * * * * * 11 ’ and what is “delivery head* 5 as applied to 
pumps ** 

11 3 How would you classify the pumps ? 

11.4 Explain working principle of a reciprocating pump with the 
help oTa line sketch, naming all the main paits. 

11.5 Explain the difference between single-acting and double-acting 
reciprocating pumps with the help of line diagrams. 

11.6 What is a plunger pump ? Wheie would you recommend to use 
the same ? 

11.7 Explain the working principle of bucket pump. Where is it 
employed ? 

11.8 Define slip, negative slip and co-eflicient of discharge of a recipro¬ 
cating pump. 

11.9 Explain with the help of delivery curves, how the resultant rate 
of discharge can be made uniform in different types of reciprocat¬ 
ing pumps. 
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11.10 What is a ihiee-ihiow pump ? Explain its woiking. 

11.11 Why is the suction height of a pump limited On t\hat faclois 
does it depend . p 

11.12 Define “sepaiation 5 * in a recipiocaling pump 

11.13 Explain how sepai ation of How is caused in piston pumps. What 

preventive measures are usually taken to i educe the same 
appreciably ? {Roorkee Umverul} — 1958) 

11.14 Why is the speed of a leciptocating pump lower than that of 

centiifugal type ? On what factors does the speed of the iccipio- 
cating pump depend ? (AAllE— May 1955) 

11.15 Desciibe with the help of indicator diagtams how the acceleiation 
and friction in suction and delivery pipes effect the work done 
by a recipi oca ting pump. 

11.16 Explain the use of air vessels on suction and deliveiy pipes of a 

reciprocating pump. (AMIE—Nov 1953) 

11.17 Explain the functions and working of ail vessels on — 

a) the suction side ; 

b) the delivery side of a reciprocating pump. 

11.18 What is the volume of aii vessels fitted on suction and on delivery 
pipes * 

11.19 What is “lesonance” in reciprocating pumps 9 How is it 
avoided ? 


11.20 Explain the working of a direct-acting steam pump. Where is it 
employed ? Define its “duty”. 

11.21 Explain the principle of working of a differential pump Explain 
how the rate of discharge can be made uniform with the help of 
such a pump. 


11,22 In a reciprocating pump the velocity of water in suction pipe 
during the suction stroke varies between zero and u, the displace¬ 
ment being SHM, Prove that the mean faction head through 


the stroke is 


4 flu 2 

~3 gD~ w ^ eie ^ A f are l cn gth, diameter and 


frictional co-efEcienl of pipe respectively. ( UPSQ—Dec 1953) 


11.23 Determine the HP required to drive a double acting piston pump 
when piston diameter is 8 in , piston stroke 16 in. and rpm of 
crank 25. The suction and delivery heights are respectively 15 ft 
and 80 ft. Assume suitable values for different efficiencies, 


(9 27 HP, assuming efficiencies as 0 6 and 0'75 for suction and 
delivery sides) (Jadavpur University — 1956A) 


11.24 In a bucket pump, the diameters of the bucket and the pump-rod 
are 12 inches and 2\ inches respectively. The pump stroke is 3 ft. 
The pump works under a mean suction head of 20 ft and a mean 
delivery head of 40 ft of water. Taking into account the influence 
of the pump-rod, determine the pull on the rod during the up 
stroke. Also calculate the volume of water discharged during 
(a) one up stroke and (b) one down stroke of the pump, 

[2,850 lb ; (a) 2 25 cu ft ( b } 0* 102 cu fi] 


11.25 In a single acting pump the cylinder has a diametenof 6 in. J and a 
stroke of 12 in. The water is to be raised to a height of 60 ft when 
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the pump is running at 40 ipm. Determine the theoretical 
discharge and theoretical horsepower. 

If the actual discharge of the pump is 47 gpm, find th e 
co-efficient of discharge and percentage slip. 

(48*9 gpm, 0 89 HP, 0*962, 3-88%) 

11.26 A single acting leciprocating pump has a cylinder bore of 6 in. 
and stroke of 9 inches. The suction pipe is 4| in. in diameter 
and 60 ft long. Assuming no air vessel is fitted on the suction 
side of pump, find the maximum permissible suction lift if the 
pump speed is 30 rpm. 

(13 75 ft) [Delhi University — 1958) 

11.27 A single acting pump having plunger diameter 8 in., stroke 12 
in., is placed with its centre line 12 ft above the level of water in 
the suction tank. The suction pipe is 3 in. in diameter and 15 ft 
long. If separation occurs when the absolute pressure head is 8 ft 
of water, find the maximum speed of the pump to avoid separation 
at the commencement of the suction stioke. Assume normal baro¬ 
metric pressure and simple harmonic motion of the plunger. 

(27*8 rpm) (AMI Mich E—Aprils 1955) 

11.28 The diameter of a plunger and stroke of a reciprocating pump are 
one ft and two ft respectively. On the suction side the pump is 
connected to a pipe 9 in. in diameter and 80 ft long. The suction 
lift is 14 ft. Determine the maximum speed at which it can 
operate without separation occuring at the beginning of the 
stroke. Assume the motion as SHM and take the effective height 
of the barometer as 28 ft of water. (12*36 rpm) 

11.29 A single acting horizontal reciprocating plunger pump has a 
suction pipe 2£ in. diameter and 18 ft long. The sump is 7 ft 
below the cylinder axis, and the pump plunger is 6 in. diameter 
and of 10 in. stroke. If the pump is working at 25 rpm, find the 
absolute pressure head in lb/sq in. at the beginning and at the 
end of the suction stroke. If separation occurs at 11 lb/sq in. 
below atmospheric pressure state whether the separation would 
occur at the beginning or at the end of the suction stroke. 
Take f=0'Q\. 

(7*7 lb/sq in. absolute ; 15*7 lb/sq in., no separation at all) 

(Rajpulana University — 1957) 

11.30 A single-acting piston pump with no air chamber has a piston 
diameter of 9 in., stroke 18 in. and a connecting rod 3 ft long. 
The suction head is 15 ft, diameter of suction pipe 6 in. and its 
length is 32 ft. If the opening resistance of the valve is equivalent 
to 4 ft of water and the pump is employed to pump water at 
1TF , what would be the maximum permissble speed without 
separation ? The vapour pressure at 77 °F may be taken as 0*5 psi. 

(24*6 rpm) ( Roorkee University — 1958) * 

11.31 It is desired to obtain a discharge of 45 liters per sec from a two 
cylinder plunger pump, the delivery running through a pipe 
25 cm diameter and 150 m long. The constant static head in the 
flow is 96 m. No air vessel is provided. If the length of the 
stroke is twice the plunger diameter, what should be the diameter? 
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What would be the maximum pressuie in the pipe neglecting 
the elasticity of water and pipe walls ? The pump is to run at 
42 rpm. (27‘35 cm ; 202*85 m of water) (Bombay Univemty — 1957) 

11.32 A plunger is fitted in a vertical pipe full of water. Its lower end 

is submerged in a suction sump. The plunger is drawn up with 
an acceleration of 6 ft/sec 2 . Find out the maximum height above 
the level in the sump at which plunger can work without 
separation. Separation occurs at a pressure of 8 ft of water 
absolute. Barometer height of water may be taken equal to 
33*75 ft. (21 *4 ft) (.Madras Ummrity—1956) 

11.33 Explain the term sepaiation or cavitation as applied to recipiocat- 
ing pumps. 

The diameter of a plungei of leciprocating pump is 8 in. and 
stroke 12 in. Pump is to be driven with SHM at 60 rpm and it 
draws water from a sump 12 ft below pump centre line. Find the 
least dia of the suction pipe which is 15 ft long in order to prevent 
separation at this speed. 

Assume normal barometric pressuie and that separation 
commences when the absolute head becomes 8 ft of water. 

(6} in) (UPSC — 1954) 

11.34 How is negative slip caused in recipiocating pump? A double 

acting reciprocating pump lifts water through a net head of 250 ft. 
The centre of the cylinder is placed at 10 ft above the level of 
water in the sump and the length of suction pipe is 30 ft. The 
delivery pipe is 6 in. dia, 1,500 ft long and is fitted with an air 
vessel of sufficient capacity, near the pump to keep the velocity of 
flow in the pipe constant. The pump plunger is 12 in. dia and 
moves with SHM making 60 strokes per min of length 16 in. 
Determine the dia of the suction pipe so that no separation takes 
place at the beginning of the suction assuming it to occur at 
piessure head of 8 ft absolute of water. Neglecting all losses except 
due to friction in delivery pipe, determine the HP required to work 
the pump. 0 01. (7J in,, 36 HP) 

11.35 A single acting reciprocating pump has a plunger of diameter 10 
in. and stroke 18 in,, the delivery pipe is to be 4 in. diameter and 
water is lifted to a tank whose level is 50 ft above the pump and 
100 ft horizontally from it. If sepatation takes place at 8 ft of 
water absolute, find the speed of the pump in rpm at which 
separation would occur in the delivery pipe if no air vessel was 
fitted for the cases :— 

a) If the pipe was vertical from pump and then horizontal upto 
the tank, 

b) If the pipe ran horizontally from the pump and then vertically 
to tank. 

Assume normal barometric pressure and SHM of the plunger. 

[ (a) 12*77 rpm, (A) 17*8 rpm] (AMI Mech E-Oct 1954) 

11.36 A double-acting single cylinder reciprocating pump of 1\ in, bore 
and 15 in. stroke runs at 36 double strokes per minute, suction 
head 12 ft and discharge head 100 ft. The length of the suction 
pipe is 30 ft and of the discharge pipe is 200 ft and the diameter 
of each pipe is 4 inches, Large air vessels are provided 10 ft away 
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from the pump on the suction side and 20 ft away on the discharge 
side, both measured along the pipe lines. /= 0*008, Neglecting 
entrance and exit losses for the pipes, estimate for the beginning 
of the stroke— 

a) Heads in the two ends of the cylinder, 

b) Load on the piston rod neglecting the size of the piston rod and 

assuming simple haimonic motion, 

[ [a) 11*042 ft of water absolute ; 161 *28 ft of water absolute, (b) 2,875 1b] 

(Punjab Univers ily —1958A ) 

11.37 In a double-acting recipiocating pump the suction lift is 12 ft, 
length of suction 20 ft, diameter of suction pipe 4 in., diameter 
of pump plunger 6 in., length of stroke 18 in., head lost in friction 


in suction pipe is 0 025 


2 yd 


A very large air vessel is fitted 


on the suction side close to the pump. Assuming simple harmonic 
motion, height of water barometer 32 ft and separation 6 ft, find 
the maximum safe speed of the pump. 

(108*5 rpm) {Punjab University — 1959A) 


11,38 A single acting lecipiocating pump has a plunger 15 in, diameter 
and stroke 2 ft, The delivery pipe is 6 in. diameter and 300 ft 
long, the fiictional co-efficient being 0 008. Find the HP lost 
in friction in the delivery pipe when the pump runs at 50 rpm ; 


a) when a large air vessel is fitted near the pump outlet, 

b) assuming simple harmonic motion of the plunger and no air 
vessel. 

c) Find the HP saved by installing the air vessel. 

[ (a) 7*52 HP ; (b) 49 2 HP ; (<) 41*68 HP ] 
(AMI Mich E—Oct 1955) 

11.39 Determine the crank angle at which the valve of piston pump 
actually closes. Dimensions of the pump and valve are as 
follows— 


Piston diameter 6 in., stroke 12 in , valve diameter 4 in., valve 
lift (max.) 2 in,, rpm of crank driving piston is 30. Assume 
contraction co-efficient of the water stream coming out of the valve 
slit as 0’64 and valve seat fiat. 

Prove any formula used. 

[Jadavpur University — 1958) 

11.40 Determine the size of an air chamber for a double-acting piston 
pump of piston diameter 6 inches and stroke 12 inches when 
piston is driven from a crank making 35 rpm. The pressure 
variation should not exceed 3 percent. Test if resonance takes 
place or not when the delivery pipe is 100 ft long and 4 inches 
diameter, the delivery head being 60 ft 

{Jadavpur University — 1956) 

11.41 A differential pump running at 40 rpm has to deliver 6,000 gpm. 
Determine the diametei's of the main and the differentia] pistons if 
the stroke is twice the diameter of the main piston. 
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What size of air chamber will be needed on the suction and 
on the delivery sides if the fluctuations of pressure are to he within 
3% ? (7§- in. ; 3}^- in. ; 7‘36 cu ft) (Jadavpur University — 1955) 

11.42 What factors tend to limit the speed of a reciprocating pump ? 

The following data refer to a recijDrocaLing double acting 
force pump : 

Diameter of plunger= 10T6 mm 

Delivery =3,640 litres/hr 

Suction pipe =50 8 mm and 9'15 m long 

Suction head =5*5 m 

Determine the rpm of the pump if the cavitation occurs at an 
absolute pressure of 2*44 m of water. 

(32 rpm) (AICTE—1958 ; Converted to metiic units) 

11.43 A plunger is fitted in a veitical pipe which is full of water, and 
whose lower end is submerged in a suction lank. It is moved 
upwards with an acceleration of 1*524 msec 2 . If aii is liberated 
from the water when the absolute pressure falls below 1 22 in of 
water, and if the barometric height is 9'75 m of water, what is 
the miximum height abo\e the level in the suction tank at which 
the plunger can operate without cavitation J 

(7*35 m) (Punjab University^1959 S ; Converted to metric units) 

11.44 A three throw pump having rams 304 8 mm diameter by 609 6 mm 
stroke is required to lift 5,000 lit/min against a static head of 116 m . 
The friction loss in the suction pipe is estimated at 1 22 m and 
in the delivery pipe at 17*1 nu The pipe velocity is 0 915 m/ sec. 
The overall efficiency of the pump is 90% and the slip is 2° 0 . 

Calculate the speed at which the pump should run and the 
metric HP required to drive it. 

(38 2 rpm ; 165*5 metric HP) ( Punjab University—1960 S ; 

Converted to metric units) 

11.45 A single cylinder, single acting reciprocating pump of 228*6 mm 
and 381 mm stroke runs at 18 rpm undei suction and delivery 
heads of 3*048 in and T524 m respectively. The lengths of suction 
and delivery pipes are 15 25 m and 304*8 in respectively. Find 
the diameter of suction pipe if the diameter of delivery pipe is 
152 4 ?w?i. There is no air vessel in the suction pipe. Assume 
the minimum pressure in the suction pipe as 7 94 m of water below 
atmosphere. Find the theoretical HP required to drive the pump. 
Take/=0'008. 

(106 mm; 0*51 metric HP) ( BHU—1960 ; Converted to metric units) 
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12.1 Comparsion with Reciprocating Pumps —During the 
last 35 years the centrifugal pump has been rapidly superseding the 
reciprocating and other types of pumping equipment. Today it is the 
most popular pump for most of the jobs. The advantages of centrifugal 
pump over the reciprocating type can be summarised as here-under : 
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Centrifugal Pump 

Reciprocating Pump 

i) Smooth and even flow. 

Pulsating flow. 

H) Low initial cost. 

Initial cost as high as four times 
that of centiifugal pump. 

Hi) Compact, occupies less floor 
space. 

Vertical type requires even 
lesser space. 

Occupies 6 to 3 times the space 
required for horizontal centrifugal 
pump. 

iv ) Gross weight is small, 

Gross weight is considerable. 

v) Installation is easy. 

Installation is more difficult than 
centrifugal pump, 

vi) Efficiency of low head pumps 
is high. 

Efficiency of low head pumps 
may be as low as 40% chiefly 
because of relatively higher energy 
losses viz . factional, valve losses 
etc. 

vii) Construction is simplified by 
elimination of many parts such 
as non-return valves, glands, 
air vessel etc. Therefore less 
number of spare parts are 
required. 

Complicated construction. There¬ 
fore a number of spare parts is 
necessary. 

viii) Low maintenance cost. Perio¬ 
dical check up is sufficient. 

Maintenance charges are high 
because parts like valves require 
constant attention, 

ix) High speed. Can be coupled 
directly through flanged coupl¬ 
ing to electric motors or steam 
turbines. 

Low speed due to separation 
difficulties. Belt drive indispens¬ 
able. 

*) Uniform torque. 

Torque not uniform. 

xi) Easy handling of highly viscous 
fluids such as oils, muddy 
and sewage water, paper 
pulp, sugar mollasses, chemi¬ 
cals etc. 

Valves and glands cause trouble 
when required to transmit viscous 
fluids. 


The only advantage of the reciprocating pump over the centrifugal 
type seems to be that the former can build up very high pressures some¬ 
times up to 10,000 lb/sq in. (or 700 /T p /c 2 m). 
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12 2 Definitions —The centrifugal 
pump is a contrivance to raise liquids 
from a lower to a higher level by creating 
the required pressure with the help of 
centrifugal action. In general it can be 
defined as a machine which increases the 
pressure energy of a fluid, as a pump may 
not be used to lift water at all, but just to 
boost the pressure in a pipe line. Whirling 
motion is imparted to the liquid by means 
of backward curved blades mounted on a 
wheel known as the impellei . As already 
explained in Art 2.3, liquid enters the 
impeller at its centre technically known 
as the eye of the pump and discharges into 
the casing surrounding the impeller 
(See Fig 12.1). The pressure head 
developed by centiifugal action is entirely 
due to the velocity imparted to the liquid by the rotating impeller and 
not due to any displacement or impact. 

The pump is usually named after the type of its casing (volute or 
diffusion). Diffusion casing is equipped with vanes and its design is 
adopted from the Francis turbine. The pump provided with it, is 
therefore called a turbine pump. Vertical turbine pumps which are parti¬ 
cularly suited for pumping water from deep wells are often called 
deepwell pumps . 

12.3 Principle and Operation —The basic principle on which a 
centrifugal pump functions has been explained earlier (cf. Art 2.3), The 
first step in the operation of a pump is priming that is, the suction 
pipe and casing are filled with water so that no airpoeket is left. Now 
the revolution of the pump impeller inside a casing full of water produces 
a forced vortex which is responsible for imparting a centrifugal head to 
the water. Rotation of impeller effects a reduction of pressure at the 
centre. This causes the water in the suction pipe to rush into the eye. 
The speed of the pump should be high enough to produce centrifugal 
head sufficient to initiate discharge against the delivery head. 

Mechanical action of the pump is to impart a velocity to the water. 
A water particle with a given velocity will rise to the same vertical height 
through which any particle should fall freely under gravity in order to 
attain the same velocity starting from rest. The required relation 
therefore is : 

v=\/2fH 

rr P* 

or H =-— 

2 g 

Thus if the outlet velocity of water in a pump is t) , the pump can 

v a 

theoretically deliver against a head of . 

12.4 Classification of Centrifugal Pumps —Centrifugal pumps 
possess the following characteristic features on the basis of which they 
can be classified. 



Fig 12.1 Centiifugal Pump 
Puncipie 
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i) Woiking head, 

n) Type of casing, 

ui) Number of impellers per shaft, 

iv) Relative direction of flow through impeller, 

v) Number of entrances to the impeller, 

vi) Disposition of shaft, 

vii) Liquid handled, 

viii) Specific speed and 

ix) Non-dimensional factor K s . 

First is a commercial classification of pumps fiom the point of \ iew 
of their utility but (ii) to (vii) are all practical considerations each 
governing an important constructional feature of the pump. The last 
two are purely theoretical aspects and provide probably the soundest 
basis for absolute classification. 

12.5 Working Head —It is the head at which water is deliveied 
by the pump. 

According to the range of working head, pumps may be divided 
broadly in three categories. 

a ) Low Lift Centrifugal Pumps are meant to work against heads 
upto 50 ft (or l5 m). Impeller is surrounded by a volute and there are no 
guide vanes. The shaft is generally horizontal and water may enter the 
impeller from one or both sides depending upon the quantity of water to 
be delivered. 

b) Medium Lift Centrifugal Pumps are used to build up heads 
as high as 130 ft (or 40 m). They are generally provided with guide 
vanes. Water may enter from one or both sides depending on the 
quantity to be pumped, 

c) High Lift Centrifugal Pumps are employed to deliver liquids 
at heads above 130 ft (or 40 m). High lift pumps are generally multi¬ 
stage pumps because a single impeller cannot easily build up such a high 
pressure. They may be horizontal or vertical, the latter being used in 
deep wells. 

12 6 Type of Casing —Pump casing should be so designed as to 
minimise the loss of kinetic head through eddy-formation etc. Efficiency 
of the pump largely depends on 
the type of casing. In general, the 
casings are of two types and the 
pump is named after the casing 
it uses. 

a) Volute Pump-“(See Fig 
12.2, 12.3 and 12.4) : It has a 
volute casing into which the 
impeller discharges water at a 
high velocity. Volute is of a 
spiral form and the cross-sectional 
area of the moving stream 
gradually increases from the 
tongue towards the delivery pipe. 

The cross-sectional area at any 
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point is theiefore proportional to the quantity of water flowing across that 
section and therefore the mean velocity remains constant , the stream¬ 
lines may be assumed to be continuous Thus the losses of kinetic head 
which would occm if simply a circular casing were employed aie avoided 

The functions of a volute casing can be summarised as follows . 

t) To collect water from the periphery of the impeller and to 
transmit it to the dehveiy pipe at a constant velocity. As the flow 
progresses from the impellei towards the opening into the delivery pipe, 
more and more water is added to the stream. In older that the velocity 
of water in the casing may not increase, the cross-sectional area of the 
casing is gradually increased, so that the extra area can accommodate the 
water added at each point of the casing. 


1 Casing 

2 Suction csvGr and branch 
9 Bearing Cover driving end 

10 Bearing cover gland end 

11 Stuffing Box 

13 Impeller 

14 Casing sealing rings 

24 Screwed plug for priming 

25 Drain plug 

26 Plug for pressure gauge 

27 Plug for vacuum gauge 
31 Impeller locking nul 

39 Pump shaft 

42 Ball type thrusl and journal 
bearlrvg 
46 Drip pip^ 

74 Locking washer 
91 Gland Packing 
166 Bearing Pedestal 
328 Felt ring 
335 End Cover 
A Oil Filling and air release 
plug 

8 Oil Level Indicator 
F Oil drain 



Fig 12 3 Single Stage Centufugal Volute Pump with Ball Btaungs Manufactuicd 
by K 13 Biemcn (West Geimany) 

it) To eliminate the loss of head, by making the casing of spiral oi 
volute form. As the velocity of water leaving the impeller equals the 
velocity of flow in the volute, loss of head due to change of velocity can 
be eliminated. 

lii) To increase evidently the efficiency of the pump by eliminating 
the loss of head due to change in velocity of flow in the volute. 

A subsequent improvement of this design is the provision of an 
annular space between the volute and the impeller (See Fig 12 2, 12.3 
and 12,4). The space which acts as a diffusor is known as Vortex or 
Whirlpool chamber . A free voitex is formed and as the water moves radially 
away from centre, velocity of whiil decreases thus building up pressure 
at the cost of velocity. 

Almost all volute pumps aie single stage type with the horizontal 
shafts irrespective of the shape of impeller. 
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Fig 12 4 Section llnough a Single Stage Centrifugal Volute Pump 


b) Turbine Pump or Diffu¬ 
sion Pump (See Fig 12 5)—Impel¬ 
ler is surrounded by a guide wheel 
consisting of a number of stationary 
vanes of diffusors providing out¬ 
lets with cross-section gradually 
enlarging towards the periphery. 
Water emerging fiom the impeller 
Hows past the guide vanes and 
as the section across flow increases 
velocity falls and pressure is built 
up. Angle of guide vanes at the 
entrance should coincide with the 
direction of absolute velocity of 
water at impeller outlet. 

This arrangement is employed 
in all multi-stage pumps. Single 
stage pumps, however, have less 
expensive volute casing 



Iig 12 5 Tiubme Pump oi Diffusion 
Pump 


Diffusion pumps may be either horizontal or vertical shaft type. 
The vertical type occupies very little space and is suitable fox installation 
m deep wells. It is often called a deepwell pump. They may also be 
used in narrow wells and mines etc. 


12,7 Number of Impellers— 

a) Single Stage Centrifugal Pump— It has one impeller keyed 
to the shaft (Fig 12 6a). This is generally horizontal but can be 
vertical also. It is usually a low lift pump 

b) Multi-stage Centrifugal Pump— It has two or more impellers 
keyed to a single shaft (Fig 12,66) and enclosed m the same casing. 
Pressure is built up in steps. The impellers are surrounded by guide 
vanes and the water is led through a by-pass channel from the outlet 
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of one stage to the enhance of the next until it is finally discharged into 
a wide chambei from wbeie it is pushed on to the deliveiy pipe. 



Fig 12 G («) Single Stage t'ciih lfugal Tig 12 6 (?>) Multi-stage (Two Stage) 

Pump Gentrilugal Pump 


These pumps are used essentially for high working heads and the 
number of stages depends on the head required. The author has tested 
pumps having as many as fourteen stages but ordinarily not more than 
ten aie employed* Until a few years ago, the arrangement used to 
generate high delivery-heads was to operate a number of single stage 
pumps in series but the modern multi-stage pump has completely replaced 
these unsatisfactory arrangements, 

12 8 Relative Direction of Flow through Impeller (See Fig 
12.7)—Theoretically any reaction turbine can also be used as a pump and 
therefore the classification of pumps from the point of view of direction 
of flow is similar to that of turbines (See Art 5.13). But there are no 
inward flow pumps primarily because of difficulty in starting them 

a) Radial Flow Pump — (See Fig 12,7a) Ordinarily all centrifugal 
pumps are manufactured with radial flow impellers* 

b) Mixed Flow Pump —As will be seen later (cf Art 13.5) the 
mixed flow impeller is just a modification of radial flow type enabling 
it to pump a large quantity of water. Flow through the impeller is a 
combination of radial and axial flows and the impeller resembles 
the propeller of a ship. Some mixed flow impellers look like a screw 
and are known as scuw impellers (Fig 12. lb). In older designs a large 
quantity of water was delivered by running several pumps in parallel 
but this arrangement is now obsolete. Mixed flow pumps are mostly 
used for irrigation purposes where a large quantity of water at a low 
head is required, 

c) Axial Flow Pump —Though axial flow pump is a roto-dynamic 
pump it is hardly justifiable to call it a centrifugal pump because centri- 
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Fig 12 7 Classical ion of Ccntuiug&l Pump Coiisidf ung thf Direction of Flow 
Lhiougli the Impel lei 

fugal force is not called into play for the generation of pressure. Pressure 
is developed by flow of liquid over blades of aerofoil section just as the 
wings of an aeroplane pioduce the lilt. The action is just the converse 
of a propeller turbine. If a Kaplan turbine runner (See Fig 7.19) is used 
as an impeller, the pump may be called a Kaplan Pump . It will have 
adjustable blades. 

Axial flow pumps are designed to deliver veiy large quantities of 
water at comparatively low heads. They are ideally suited for irrigation 
purposes. 

12 9 Number of Entrances to the Impeller —The pump may 
be single entry or double entry type. In the single entiy or single suction 
pump water is admitted fiom a suction pipe on one side of the impeller 
(See Fig 12.6a). 

Double entry pumps or double 
suction pumps (See Fig 12 8) admit 
water from both sides of the 
impeller. It is suitable for pump¬ 
ing large quantities of liquid. The 
arrangement has the added 
advantage that axial thrust is 
neutralised. 


12 10 Disposition of Shaft— 

The shaft may be disposed hori¬ 
zontally or vertically. Generally 
centrifugal pumps are designed 
with horizontal shafts. Vertical 
disposition of shaft effects an 
economy in space occupied and 
is therefore suitable for deepwells 
and mines etc. They are also used 
for irrigation purposes, 



Fig 12 8 Double Suction Pump 
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12.11 Liquid Handled— Depending on the type and viscosity 
of liquid to be pumped, the pump may have a closed or open impeller 
(See Fig 12.9). Each of these types may have a fcnous, non-ferrous or 
stone coated impeller to resist chemical attack of liquid being pumped. 


a) Closed Impeller Pump (See Fig 12.9rt)—An ordinaly centri¬ 
fugal pump is equipped with a closed impeller in which the vanes are 
covered with slnouds on both sides. This type is meant to handle non- 
viscous liquids such as ordinary water, hot water, hot oil and chemicals 
like acids etc Material of the impeller should be selected according to 
the chemical propeities of liquid used. For hot water at temperatures 
exceeding 150°C, cast steel impeller is recommended. Non-feirous 
impellers aie used foi chemicals which are liable to con ode a ferrous 
surface. For pumping acids, the impeller and all inside surfaces in 
contact with the liquid should be coated with stone. 

Shrouds both Sides 



a) Closed Type 
Impeller 


b) Semi-Open Type 
Impellci 

Fig 12 9 DifTejrnt Types of Iuiptlh is 


c) Open Type 
Impillci 


b) Semi-Open Impeller Pump or Non-Clog Pump (See Fig 
12.96)—The impeller is provided with shroud on one side only. This 
pump is used for viscous liquids such as sewage water, paper pulp, sugar 
molasses etc. In older to minimise the chances of impeller getting 
clogged, the number of vanes is reduced and their height is increased. 

Sewage pumps are made without any protuberances around which 
rags could wrap and catch. They are always of the single suction type, 
as with the double suction pumps the shaft extends through the eyes 
of the impeller, thereby forming an easy place for rags to catch and 
wrap, and thus clogging the pump. 

The non-clog pumps for paper stock and other similar mateiial 
have open type impellers with entrance blades especially designed to 
prevent separation of stock and water. 

Choice of material for manufacture of impeller is influenced by 
the chemical nature of the liquid to be handled. Non-clog pumps must 
be heavily constructed mechanically in order to give satisfactory service, 
The number of blades for impeller is small, using not more than two. 


c) Open Impeller Pump (See Fig 12,9r)—The impeller is not pro¬ 
vided with any shroud. Such pumps are used in dredgers and elsewhere 
for handing mixtures of water, sand, pebbles and clay, in which the solid 
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contents may be as higli as one part in four, The impeller lias very rough 
duty to perform. It is generally made of forged-steel. Its life depends 
upon the material handled, may be 40 to 50 hours or in some cases 
from 500 to 1,000 hours. 4 

12 12 Specific Speed— As in the case of turbines, specific speed 
is a sound basis for a technical classification of centrifugal pumps. Specific 
speed is the only characteristic index or distinguishing feature of a 
pump when several impellers can be used for the same head and capacity. 
The performance and dimensional proportions of pumps having the same 
specific speed will be the same even though their outside diameters and 
actual operating speeds may be different. 

Specific speed is defined as the speed of a geometrically similar 
pump when delivering one cusec (or one m 3 /sec) against a head of one 
foot (or one metre). In practice, gpm (or m 3 /sec) is taken as the unit of 
discharge. 

Then specific speed 

N ’ Y ^ .. (See Eqn 3.40) 

where JV= Actual speed of pump in rpm 

(£=Quantity flowing in gpm (imperial) 

H=Deliveiy head (total or manometric) jn ft 


If £? is given in cusecs, 

TV . /J <Zc ««« X 6 io X 60 19 35 M . v d< 


M— 


H" 


3 

II* 


, . . .. JV. \' d i 

The specific speed in metnc units is - 


H* 


wheie 

and 

then 


Q,=Dischaige in m 3 /sec 

7/=Delivery (total or manometiic) head in m 

, , . , .A r s (British) 

Jv» (metric) = —" 


...( 12 . 1 ) 


The values of Q, and H to be substituted' in the equation for the 
purpose of calculating' the specific speed are those corresponding to the 
maximum efficiency of the pump at its normal working speed. 

It may be noted that the value of II to be used in the equation lot 
M. of a multi-stage pump is obtained by dividing the actual head 
developed by the number of stages. Similatly the value of & for a 
double suction pump is taken as half the actual value for -the purpose of 
this calculation. 
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12.13 Non-dimensional Factor K s —The non-dimensional factor 
K s (mentioned in Art 5.16) for the classification of water turbine can be 
used for this purpose also. 

0 . N 2 

K s = “^3 -where Quantity discharged in cusecs 

(or m s /sec) 

JV— rpin 

v= \/2g H, nan o in ft/sec (or jw/sec) 

H m aiu >=total head the pump has to work 
against, in ft (or m) 

Relation between J\f t and if, for Centrifugal Pumps ; 
a) FPS Units— 


JW 


19-35 . JV , v Q, 19 3 5 . N . VQ 




H 


/ u a y 

\W~J 


= 19'35 X (2 g) 


i . Jf. Vo 


= (8'02x2"83) X 19-35 


. TV. \/ Q 


439 . TV. \/Q. 

“ S 


or TV, 


8 __ (439)* . N 2 . Q_ 


—=(439)* . K, 


or JT.- 


\439 J 


b) Metric Units— 

n . v IT tv. s/q; - 


JW 


//t 


(£) 


=( 2 x 98 ,)t.JLvia 

J 


, (2x9-8 1) ? . TV*. d .. _a 


or TV. J = 

r ( M '* 

or A,= )-— 


(2X9-81) 


»} -(-&-) 


= (2X9 81) 7 . K. 
TV. - * 
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Representing Classification of Centrifugal Pumps in Tabular 
Form : 


TABLE 12.1 



Type of Impellei 

1 jv, 

1 (British) 

Ns. 

(Metric) 

K, 

a 

Slow runner 
or radial runner 

500 to ] ,800 

10-5 to 38 

1 3 to 16 8 

b 

i 

Normal runner 
or mixed flow type 
(Francis runner) 

1,800 to 3,900 

38 to 82 

16-8 to 79 

e 

Fast runner 
or mixed flow type 
(screw runner) 

3,900 to 7,750 

82 to 164 

79 to 310 

d 

Very fast runner 
or axial runner 

5,200 to 23,650 

110 to 500 

1 

140 to 2,910 


TABLE 12.2 


JV. 

1,000 

... 

15,000 FPS units 

20 

... 

300 Metric units 

H 

250 

... 

25 ft 

80 

... 

8 m 

Type of casing 

s" 

diffusion 


volute 


" Problem 12.1 A six stage centrifugal pump delivers 1,600 gpm 
against a net pressure rise of 750 lb/sq in. Determine its specific speed 
if it rotates at/1,450 rpm. What type of impeller would be selected for 
the pump ? 1 

Solution 

) No. of stages=6 ££*=1,600 gpm 

^?=750 lb/sq in. JV—1,450 rpn? 

r p 750 X 144 . r , r . 

H*** — = — =*1,730 ft of water 

w 62’4 


Head developed per impeller= 


1,730 


^■289 ft of water 
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Specific speed of the pump JV, 


0. 

H 1 - 




1,450 X s/ 1,600 


289 ^ 


= 827 Answer 


^A radial impeller will suit this specific speed. 

Problem 12.2 Find the specific speed of a double suction centri¬ 
fugal pump deliveiing 20,000 gpm (or 1 52 m 3 / sec ) against a net head 
of 50 ft (15 22 m), when running at 725 rpm. State the type of impeller 
to be employed for this pump. 

Solution 


Q=20,000 gpm (or 1*52 m 3 /sec) 

H= 50 ft (or 15*22 rn) 

JV*=725 rpm 

Considering only one halt' of the impeller, 10,000 gpm (or 0’76 
m % j sec). 

c t a \r jY>< v'CL 
Specihc speed Jv a ~ - - 3 

H* 


725 x 


20,000 

50^ 



725 x VO-76 
15 - 22 * 




= 3,860 (or 88’2) Answer 


The type of the impellei to be used is mixed flow Francis type. 

1214 Evolution of Axial Flow Impeller from the Radial 
Type —It is interesting to note that the recent development of axial 
flow impellers has been considerably facilitated with the knowledge of 
specific speed. The study of specific speed is of great academic interest 
and it is a valuable aid in the design of pumps. 


Table 12.1 as well as Fig 12.10 show the development of impellers 
with regard to their specific speeds and non-dimensional factors. This 
can be compared with “Evolution of Kaplan Turbine Runner” discussed 
in Art 7, 14 and Fig 7.12. 

12.15 Layout Accessories and Starting of Centrifugal Pump— 

A typical layout of a centrifugal pumping ’installation is shown in 
Fig 12.11. The main accessories are — 

a) Strainer and foot valve, 

b) Suction pipe with fittings, 

c) Delivery valve or regulating valve, 

d) Delivery pipe with fittings. 
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a) Sti*ainer and Foot 
Valve is fitted 'at the end of 
the suction pipe and is sub¬ 
merged in water in such away 
that it is only a few inches 
or cm above the bottom of 
water to be pumped. The 
water from the sump or well 
first enters the strainer which is 
meant to keep the floating 
bodies, such as leaves, wooden 
pieces and other kind of rub¬ 
bish, away from the pump, 
In the absence of strainer the 
foreign material will pass 
through the pump and choke 
it, thus hindering its working. 
With the strainer is cast a foot 
valve of non-return or one 
way type, opening upwards, 
The water will pass through 
the foot valve upwards and it 
will not allow the water to 
move downwards. 

b) Suction Pipe with Fittings —The suction pipe is laid in such 
a way that it rises all its way to the pump upwards . In case the suction 
pipe first rises and then drops, thus making a loop, the air will collect 
in that portion and will hinder the satisfactory working of the pump. 
Great care must be taken to ensure that the pipe fittings are all air¬ 
tight. The fittings on the suction side may consist of different bends, 
but no regulating valve. The details of suction lift are given in Art 12.39. 
The diameter of suction pipe is slightly less than that of delivery pipe 
(See Fig 12.23). 

c) Delivery Valve or Regulating Valve —As the water comes 
out of the pump, it must pass through a regulating valve. The regulating 
valve is of sluice type. It must be closed when the pump is being 
started and has built up its pressure. If the delivery valve is closed and 
the pump is working and delivery water at its full pressure, the delivery 
pipe or pump will not burst, as the impeller will just be churning the 
water in the casing. The delivery valve is also essential to vary the 
discharge at the time of needs. It should be closed before the pump has 
stopped working, otherwise the full delivery pressure will be transmitted 
to the suction pipe which may be harmful. 

d) Delivery Pipe and Fittings— The water is delivered to a place 
or reservoir through the delivery pipe having a number of fittings 
mentioned in Table 12.3. The pipe diameter depends upon the discharge 
to be handled by the pump and can be calculated with the help of 
velocity of flow. Fig 12.23 gives the curve representing pipe diameters 
vs discharge, drawn from experimental data. 

Starting of Centrifugal Pump— As given in Art 12.38 "Priming 
of Pumps 5 , it is necessary that before the pump is started, its casing 
together with impeller, and the suction pipe must be filled with water 
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in order to remove the air, gas or vapour in that region. The pump 
will not generate its pressure, if there is any air left on the suction side. 
Whenever there is any difficulty in the satisfactory running of a pump, 
it is mainly due to pressure of air in the piping or pump. The removal 
of air by filling the pump with water is known as pi wring. Hence 
priming is necessary to start the pump. 

The correct layout of pumping installation is very important for 
the satisfactory and successful working of the centrifugal pump. The 
layout should be such that no air pocket is formed in the piping. Great 
care must be taken on the suction side as explained above. The details 
of defects and remedies of centrifugal pump are given in Art 12.44. 


12,16 Head of a Pump— The term "head” of a pump stands 
for the following two heads : 

x ) Static Head 

H) Manometric, Total, Gross or Effective Head. 

i) Static Head —It is the sum of the suction and delivery heads 
(See Fig 12.11). Suction head is the vertical height of the centre line of 
the pump shaft above the surface of a available liquid i,e. the lower 
surface from which it is being raised. Delivery head is the vertical height 
measured from the centre line of main pump shaft to where the liquid 
is delivered. The static head is also known as geodetic head. 

ii) Manometric, Total, Gross or Effective Head —This is the 
actual head against which the pump has to work. It is equal to the static 
head plus all the head losses occurring in flow before, through and after 
the impeller. 

The above heads are independent of the density of the liquid being 
raised. A centrifugal pump running at a particular speed will raise 
water, oil or mercury to the same height. But the power required will 
be different. Also, the pressure generated in lb/sq in. (or kg/m 2 ) will 
be different in each case. It is, therefore, convenient to express the 
head in feet (or m) of liquid column. 

If the pump raises liquid from a source which is already subjected 
to some pressure, then the equivalent of this gauge pressure in feet 
(or m) of liquid column should be subtracted to get the real total head 
On the other hand if a pump takes liquid from vacuum, ihe equivalent 
of vacuum in feet (or m) should be added to get the actual total head, 


If H s and H d be suction and delivery heads respectively, the static 

head, 


Hsiai^Hs+Ha 

If be the total loss of head, the manometric head, 


...( 12 . 2 ) 




*H stjt +H T 


..,(12.3) 


If h be the gauge pressure of available liquid, 

^real ~apparent h 

12.17 Power —The horsepower required to drive the pump shaft 
is given by 


W ' Os' ffmano pjp 


550 . 7 ]overall 


C 


or 


w 4 Q_, • H m 


75 Y) 


metric HP 


overall 


...(12.4) 
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wlieic M/=specific weight of liquid raised in lb/cu ft (01 Lg/;?i 3 ) } 
(^=dischaige in cusecs (or ?;z 3 /sec), 

II ma 7 \o = manometric or gross head in ft (or tn) y 
0 <juhuii = over all efficiency of the pump. 

12.18 Efficiency — Overall Efficiency is the ratio of the power 
supplied by the pump to the power delivered to the pump shaft. 

^ Output _ _ W . Q,. H m ano _ 

f \oieiau i n p Ut ~ 550 . (BIIP — HP lost in coupling mechanism) 

...(12,5) 

where BHP is the biakc horse power of the electric motor or prime- 
mover which drives the pump. 


The static efficiency of a pump also deserves mention because it 
accounts for all hydraulic losses in the pipelines. 


Then 


.( 12 . 6 ) 


W . Q. Il.ia t 
550 . (BHP) 

[Substitute 75 for 550 to convcil to metric‘units in the above 
Ecjns 12'5 and 12'6 ] 

12 19 Loss of Head in Pipe Lines and Pipe Fittings —All head- 
losses from the foot valve up to the outlet of the delrvery pipe aie given 
by the following equation 


Hr 


= // L +Iir +ZH l + 

L s La L f 2(7 


..,(12.7) 


[All losses of head are measured in feet (or m) of liquid column] 
where 7/jr = total loss of head in the pipes and fittings. 


H ^ =.frictional loss in suction pipe 
4 fU 

~~ d % '2 g 

H r =frictional loss in delivery pipe 

L d 

__4/L, vf 

dd * 2 g 

ZJ H =sum of head losses in pipe fittings 
v 2 

— = loss of kinetic head due to velocity of water at exit 

2? 

Pipe fittings referred to above include the strainer, the foot valve, 
all pipe bends, all regulating and non-return valves and all changes of 
cross-section. 

12.20 Determination of Loss of Head in Pipe Lines and 
Pipe Fittings —Such losses may be classified as follows : 

a) Loss of head in pipes, 

b) Loss clue to enlargement of cross-section of pipe, 

c ) Loss due to contraction of cross-section of pipe, 
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d) Loss due to bends in pipe, 

t) Loss due to pipe fittings such as valves, joints, elbows etc. 

It is, in general, not easy to determine these losses analytically. 
Therefore, empirical relations obtained from experiments are used. Often, 
it is convenient to represent experimental results graphically. 


4 fl v~ , 
d~-2rj> Wherc 

f, the frictional factor, is a function of Reynolds’ number R 6 . In order to 


a ) Loss of head in pipes is given by the equation 


FRICTION IN PIPES 



I 2 3 45678 10 12 

FRICTIONAL HEAD LOSS (FT) _^ 

FOR EACH IOO FT OF PIPE 


Fig 12.12 Loss of Head in Pipes due to Faction 
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is gcneially given by the expression 


avoid long calculations every time, loss of head in pipelines is generally 
given by tables or graphs which are prepared from the experimental 
results. Fig 12 12 shows the frictional head loss in ft for each 100 ft 
(or 30 48 m) of pipe length, drawn against discharge in gallons pe r 
minute for different pipe diameters in inches. 

b) Loss of head due to a sudden enlargement of the aoss-section ofpip e 

“ 2g — which was analytically 

derived by ( Carnot on certain 
assumptions. Heie v x and v 2 
arc the velocities of flow 
through the pipe before and 
after enlargement respectively, 

Loss of head due to gra¬ 
dual enlargement of cross- 
section is given by 



H l = 


2 9 


( 12 . 0 ) 


Fig 12.13 Loss of Head due to Giadual 
Enlaigement 

W(a) 

(Experiments by A. H, Gibson ) 


c) Loss of head due to sudden contraction is given by 


The factor k depends on the 
cone angle and a curve of k 
against the cone angle, is shown 
in Fig 12.13. 


H L —k 


2g 


..(12.9) 


* „ U 
wheie v t is the velocity after contraction 



| Fig 12.lt Losses of Head due to Sudden Conti action 



The valqe ( of, co-efficient k can be determined from the curve 
(Fig 12,14) showing 
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d) Loss of head due to a 90°-bend is given by 




...( 12 . 10 ) 


The co-efficicnt k depends on the ratio cp and Reynolds’ Num- 11 

bcr R 6 . The relationship is graphically represented in Fig 12.15. 



Fig 12 15 Loss of Head due to 9G°-Bend 
k=f'(R,) (Experiment* bv Gitgorig) 


For bends, at angles Qtherithan 90? 3 t»he same \ 
expression may be used with a correction factor i 
which lean be obtained ifromi the, curve shown inn 
Fig 12.16. 

e) Lo$s of head in pipe fittings? can be > express- < 
cd as a fraction of the total kinetic Jhead,, thus ,, 

"i =*: 17 a ...(12.11, i 

The value of the,factor*# is ,obtained frolm 
the c^pefipient^J rqspljs, 



m of 

6E NCX> — «• 


Fig 13.J6 Qegicc of 
Bend , ( 
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Table 12.3 shows frictional head loss of diffeient ldnds of pjp e 
fittings given in terms of length of straight pipe having the same diameter 
as that of the pipe fitting. 


TABLE 12 3 

Frictional Head Loss of Valves and Pipe-Fittings 

Length of Straight Pipe giving Equivalent Resistance to Flow 



,(FiOrtV*®n|pneeimg Data on Flow of Fluid in Pipes ,J —Cianc Co.) 
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O I 2 3 4 5 6 7 e <? 10 It 12 13 


WATER VELOCITY (FT/SEC) 


Tig 12 1 7 rncticmal Head Loss m Stiainei uitli Foot Valve vs Watci Velocity 

Problem 12.3 A centrifugal pump is installed to supply watet from 
a reservoir to a tank which is at a vertical height of 40 ft above it. The 
diameter of the suction pipe is 12 in. and it is 20 ft long. At the end of 
the suction pipe which extends under the water level in the reservoir, are 
fitted a foot valve and strainer. There is one 90°-bend on the 'side 
of suction. The discharge pipe is 10 in. diameter and 450 ft long. 
It is fitted with a gate valve and two medium radius 90 Q -elbows. Find 
the HP of the pump to discharge 3 cusecs of water considering all losses 
of head in pipq lipes and pipe fittings. The overall efficiency of pump 
is 70%. Find also the size 6f driving motor. 

Assume— _ , 

Viscosity of wafer ^=23 89 x I(H slug/ft sec 

Specific weight of water w =62 4 lb/cu ft 


Loss of head due to fiictipn in pipes Ilf— - 


4fL 

d 


4/=0'0032 


2 a 

0-221 

RO.m 


where R e is the Reynolds 1 number. 
































HYDRAULIC! MACHINE* 


Solution 

Lift=40 ft 
d s = 12 in.= 1 ft 
A ,=20 ft 
. 10 r 
dd== Y2 ft 
Ai—450 ft 


0^=3 cusecs 
Coverall ~ 7 ®°/o 

^=23*89x 10 “ c slug/ft sec 
w 62*4 


Density p = 


<7 ~ 32 2 
1*938 lb ft * 4 sec 2 


. u 23 89xl0~' 6 

Kinematic viscosity v= — ^-*= 12*33 X 10“* ft 2 sec* 1 

P i'yjo 

Discharge 


a=3 d,' . . v d 


Velocity of water in suction pipe 




d,' 


Velocity of water in delivery pipe 

_a 


% 


xl 


=3*82 ft/sec 


Vd a 


R, for suction pipe= 

s 

R t for delivery pipe= 


4* 

4 

v, . d. 


TV 


■ X 


/ 10 > 

U2> 


=5*5 ft/scc 


. 3-82x1 i 
v = 12*83 X 10" 6 11 
= 0*31 X 10 6 =)310,000 i * 

v d . d a > 


5*5 X 


10 


'12 33XIO-® ,i 


■ 372,000 i i 


0-221 

Frictional factor 1 4 /=0,0032+ -^rr 237 - 


0'221 i 

4/for suqtipn pipe , ,^0’0032-h 3 } 6 > 0 | 00 <>*» T ‘‘? 0>0143 


0 221 > 

4/for di^chfrge , pipe= 0 * 0032 +r-g 7 ^p^^ =0*0J38 


l I 


4 f,.L, v? 0*0143X20 ,3*82 2 

'■ ~d. ’ 2g~. 1 , * 64*4, , t 


= 0*063 ft.of \yat,er t , , 

A-5 

64'4 i,, 


4/,./«, /Od* ,0*0130x430 | ,3’5* ^ , , , 

H U " --2P“;-in—r X fidTI^ 3 5 ft .°f 


10 

12 


Loss pf,head in t^e,pipe fittings,is,obtained f r0 m .the curves, given 
Fig; 12.13 to 12.17 and in Table 12.3., * 
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a) Foot valve and the strainer on suction side = 0 764 ft, 

b ) 90°-bend on the suction side =0 115 ft, 

c) Gate valve on the delivery side =0 85 ft, 

d) Two 90°-medium radius elbows = 0*24 ft, 

Total loss= 1*969 ft of water 

Total losses =H L +H L +E H L+^ 

=0'065+3'5+l'969+-~ 

= 0-065 + 3'5 +1'969 + 0'469 
— 6*003 ft of water. 

Total head H mau<i =H t + //<(+ H L 


=H 3t +H L 


= 40+6-003 
— 46 ft of water 


HP of 


pump 


^ H\nano 

550 , T^cmrall 


62*4x3x46 
““ 550x0-7 


*=22 35 HP Answer 

Capacity of driving motor — 22 35 +-10% of 22*35 


= 25 HP Answer 


Problem 12 4 A centrifugal pump draws water at ordinary tem¬ 
perature through a 50 ft (or 15*22 m) long 6 inches (or 152 4 mm) diameter 
G. I. suction pipe which is fitted with one 90°—bend. The maximum 
capacity of the pump is 1,000 gpm (or 75*7 lit/sec). Determine the static 
suction head. Assume the maximum vacuum as 18 ft (or 5‘5 m ) of 
water. Loss in the bend may be taken to be 0*25 ft (or 0*0762 m) of 
water. /=* 0*006. 


Solution 

4=50 ft (or 15 22 m) H mc *= 18 ft (or 5 5 m) 
0*5 ft (or 152*2 mm) /= 0*006 


n 1 nnn 1,000X10 0 . 7 f 

Q,= 1,000 gpm= 6 - a — 62 v 4 -=2 67 cfs 

(or 75*7 lit/sec=0 0757 m 3 /sec) 
d d 2 67 


a. 


[■ 


^or v t = 

or Hf 


— d* 
4 * 

0 0757 


0-785x0-25 
=4’15 mj sec ') 


13*6 ft/scc 


0-785 X0T522 3 

4 f.L, v*, 4X0-006X50X13 6* 


d a . ' 2g 0-5x2x32'2 
4 X 0-006 X45-22X 4-15* 


= 6 9 ft of water 


0T522 X2X9'81 


2'11 m of water 
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Loss of head due to 9G°-bend=0*25 ft (or 0*0762 m) 

/. Total loss of head H f ^ a z = 6*9 + 0'25 = 7T5 ft of water 
(or 2*11 + 0*0762 = 2*1862 m of water) 

Kinetic head loss —^=^ 7 - 7 - =2*87 ft of water 
2g 64*4 

(» - 

Now H me =H,+H/ t + v £- 

or 18=// s 4-7'15+2’87 (or 5‘5=-// s +2-1862+0'877) 
//,= 13—10 02 (or H 3 =5-5-3'0632) 

— 8 ft Answer (or 2+, ~ 2*44 m Answer) 


THEORY OF CENTRIFUGAL PUMP 



Fig 12,18 Liquid Flow Thlough 
a Gentiifugal Pump 


12,21 Fundamental Equation of 
Centrifugal Pump— Let points on the 
liquid's path at suction inlet, impeller inlet, 
impeller outlet and casing outlet be denoted by 
i, 1 , 2 and d respectively (See Fig 12.18). The 
equation of flow between any two consecutive 
points can be obtained by applying the 
Bernoulli's Theorem. 

a) Thus for flow from (i) to (1) i. 
through the stationary suction pipe, since 
and Vi represent absolute velocities of water 


2 g 


»1*P\ I , , Pi . r t 

07, + W —g^+—« 


fil 


2 g 


w 


n*-i) 


...a) 


b) From (1) to (2) i.tf*, through the moveable impeller, since w x and 
w 2 represent relative velocities of water, the equation of flow is 


III , fa . 

2 g 2g + w 4 2g 


2 g w 


’Hi-,) -W 

(See Appendix 4) 

c) Flow from (2) to (d) } i, e. through the stationary casing inside 
which the motion of water is absolute, is given by 

• 2 Pd ,_ v 2 s fi 2 


Vd 


f- + c ~+Za =x-+—+z z -Hr, N 

2 g w 2 g ' w * Ma'i) 


...(in) 


Now, adding the equations (I), (II) and (III) and re-arranging 


^ 2 -yi 2 


Hf— ttj* 


2g ' 2g ' 2 g 

.2 


.w+*)-©+£+*) K ) 
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The first term on the right hand side is, by definition, the gross 
manometric head of the pump : 

H ™>'° = (Tg+w +Zi )~($} + iL +Zt ) 

And the second term stands for the total pump losses due to the 
fluid resistance, inside the pump only i.t r. 

A H man o~H L +H l +H t 


" 2 -rf 


^ 2 2 - ^X 2 W^ — Wo 2 




2g ~ 2g ~ 2g 
This is known as the fundamental equation of centiifugal pump. 

Considering the losses of head in the pump, its efficiency, 
//« 


_ _ m ono 

*t]imno tt I a fj 

11 mano l n mano 

is known as Manomehic Efficiency. 
or H man , + LH mmo -tE an ° 

*] memo 

whence, 

t ’ 2 2 —t ), 3 wf~wf !(j J —Ui 3 H mnn „ 


...( 12 . 12 ) 


2 g 


4 


2 g 


2 g 


*f\mano 


.. (12.13) 


The above equation can be 
simplified by substituting for 
and w% from the velocity triangles 
at inlet and outlet (See Fig 12.19)' 

Thus : 

Wi 2 =u i 2 +Vi 2 —2u l v 1 cos oq 
and + 2« a v 2 cos a a 

A wf w % 2 = v 2 2 uy, /KfF, 

— 2«i v 1 cos cq + 2 v 2 cos a 8 



Substituting this in the 
fundamental equation, 


t s /A 

U, u. 


Fig 12.19 Velocity Tringlcj of a 
Centrifugal Pump 


. ^ 2 ^ ^q 2 

flma?;o 2 <7 2g 


(q 2 —w 2 2 + zq 3 —y a 2 —2iq iq cos « i 4*2zq « 3 cos 


2 * 


ox 


2u a rq cos <x 2 —2zq zq cos a* 
~ 2 g 

H mano » 2 v % cos «a^jq gi cos oq 


^moHC 


0 


...(12.13o) 
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Generally « 1 =90'’ and cos iy, = 0, then, neglecting prerotation*, 


or 


H, 


mono 


ti 2 v 2 cos oc s 
9 




(12 14) 


or H m a?io — "^Diano ^ 


Peripheral speed at outlet X velocity of whirl at outlet 


This is the form in which the fundamental equation is used in 
practice. 


12 22 Work Done and Mancmetric Efficiency— 

Woik done/sec by the pump impeller is given by Eqn 1,34 (a) x e 

P=--- Q -{u l . V u -Ui . O 

Q 1 

The suffices (1) and (2) used in this equation will hold true if 
point 1 denotes the pressure side and point 2 denotes the suction side 
of the pump However if point 1 denotes inlet and point 2 the outlet 
of the pump impeller then the above equation will be written as 

P= —— (« 2 ■ «..._-«i ■ v u ) .. (12.15) 

g 3 

«a • »u a -«i • »«, 

or Work done/sec per lb (oi kg) of water— — _____ 

Since oq=90 Q , i.e. radial enhance, 
cos oq«= 0. 


«2 • V u<2 

Work done/sec per lb (oi kg) of water= -~- .. (12.16) 

(See also Eqn 1.37) 

This is the energy supplied to the fluid by the impeller per lb (or 
kg) per sec. But the energy supplied to the fluid by the impeller is 
equal to the head generated, provided there is no loss inside the pump. 

i,c. Head generated by the pump=Difference between the total 

enery of fluid at inlet and 
outlet of the pump. 

— Manometric head (H ma , l0 ) 

U *' V ”2 

TllUS " ‘ 

.(if theie is no internal Joss of the pump) 

In practice there are always some head losses inside the pump as 
described in Art 12.21. 


*The watet appioachmg the impeller eye should acqune preiotation in the direction 
of impeller rotation. Preiotation in impellers coi responds to tunning in the direction of 
the tiain's motion befoie boaidmg a moving tiam. 
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= #ma //0 + loSSeS 

~ Hinduo~\~ A^mawo 
r-. * Fenian 


Manometric Efficiency = tj - , A jj -=;;—~ 

n mano 'T L± n muno “2 ■ 


Manometric Efficiency = 


man ometric he ad 

energy given to the fluid/lb (or kg)/sec 


'fhnano 


U 2 • V ti 


but IImano ~~ ^staho~^~^g 

(Considering also the exit velocity head, which is generally 
neglected). 




flmano — ' 


...(12.17) 


12 23 Pressure Rise in Pump Impeller and Manometric 

Head—-Applying Bernoulli’s Theorem between inlet and outlet edges of 
impeller (See Fig 12.19). 

Energy at inlet—eneigy at outlet—work done by impeller 

b 7, 2 A ,,2 tl 2 ■ V H 2 

w “ lr 2 g w ^ 2(7 g 

Pressure lise between outlet and inlet edges of impeller 

p,-Pi _&!_«£** "■'? 

WI 2gr 2<7 ^ (7 


Now cot p 2 


(See outlet velocity triangle Fig 12.19) 


and 


“»m 2 2 (l+ c °t 2 fia) + « 2 2 — 2 «J , p„, a cot @2 

± # *(l+cot* 3a)+« a *-2« a . t>„, cot 3 J 
at 2 ? 2g L * ) 

+ ~ ( U i v m t c °t 3t) 


but 1+cot 2 p a =cosec B /3 a 
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^- a --=^ K a —o»i„ s Cosec 2 j3 2 —'0 2 + 2« 2 . » m cot /3 2 
w 2g - 3 


+ 2 k 2 2 ~ 2 u 2 . 


Pressure nse=J- (»i s +« 2 2 —»m„* cosec 2 [3s) 

2 j/ 


«2 COt PO 
...(12.18) 


Manometric head H, mno —r\ mano 


’f) in o-no 


. - - -(See Eqn 12.14) 

u 2 {u 2 -v vi2 cot (3 2 ) 

--- ...(12.19) 


Problem 12.5 A centrifugal fan has to deliver 150 ft 3 /sec, when 
running at 750 ipm. The diameter of the impeller at inlet is 21 in. 
and at outlet is 30 in. It may be assumed that the air enters radially 
with a speed of 50 ft/sec. The vanes are set backwards at outlet at 70° 
to the tangent, and the width at outlet is 4 in. The volute casing gives 
a 30% recovery of the outlet velocity head. The losses in the impeller 
may bt taken as equivalent to 25% of the outlet velocity head. Blade 
thickness effects may be neglected. Deteimine the manometric efficiency 
and the pressure at the discharge. 

[Punjab University—1958 Supp) 


Solution 

(7-150 ft 3 /sec 
Di — 21 in. 

, , ^=50 ft/sec 

in. 

Peripheral velocity at inlet 


JV*= 750 rpm 
Z) a = 30 in. 
/? 2 -70° 


% D ± JV 
60 ~ 
. _/ 21 \ 


/21\ 750 „ , 

= x X —gQ- =-68"7 ft/sec 

JDq Pf 

Peripheral velocity at outlet h 2 =—— 

30 750 

= nX^x gQ =98'2 ft/sec 

Discharge at outlet (),=velocity of flow at outlet X area of flow at 


or 150=& t) , ss . 7r Z) 2 


150 _ 
TT Di B a 


30 4 

irX 12 X 12 


=57*3 ft/sec 

From outlet velocity triangle (See Fig 12.19) 


tan P,=—- 
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the 


or 


tan 70° 


57‘3_ 
98 2 — v u 


f i7 , 3 

98 2 — = „JL-=20 8 

- 2 747 

a u =98-2-20 8 = 77‘4 ft/sec 


Absolute velocity at exit — VV m2 2 + t'« 2 a 

= 's/yF&+7i r 4 i =V 3,280+6,000" 
= v'^280=96‘3 ft/sec 

Applying Bernoulli’s theorem at inlet and outlet of impeller — 

g •) V u > Z/fl 

A , »i_ = A_, 2 

w i ” 20 ' iw "*"20 ? 

(Assuming a, = 90°) 


or v u =0 
i 


Pj. 

it 


»«, • u . 


h_ = v i~°* _ _ 

zv 2g " r y 

50 s —96’3 a . 77^4x98 3 
32 : 2 


+ 


_ 64-4 

, 2 , 500 ^ 9.270 

64*4 

— —105 + 236 

= + 131 ft of air 

y 2 2 96 3 3 

Velocity head at outlet=^===g-^ 144 ft of air 

v ^ 

Head recovered in volute casing = 30% of ^ 

= 0 3x 144=43 2 ft of air 

n 2 


Head lost in impeller=25% of 


2 g 


= 0*25 X 144—36 ft of air 

Net pressure lise = ——^+ head recovered in casing—head 

w lost in impeller 

= 131+43*2 —36=138'2 ft of air 

_ Net pressure rise 138*2 

^mano jj ca d delivered per lb of air 


2 g 


= ^-^^-=0*585 Answer 
236 


12.24 Minimum Starting Speed of Centrifugal Pump— When 
pump is started, there will not be any flow of water until the pressure 
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rise in the impellei is laige enough to overcome the gioss oi manometric 
head. 


Gentiifugal head or piessme head caused by the centrifugal force 
on rotating water when the impeller is rotating* but there is no flow 


2 -, 


” 2 g 

Flow will commence only if— 


2 g 


H, 


£= 2J -mdno 


(See Eqn 2 2) 


or 


«2* — 

* V 


^ ^Iwawo • 


Theoietically- 


«g z 



11% . v u 


2 


9 


Q 


(See Solved Problem 2 5). 

12.25 Efficiencies of Centrifugal Pump— 


.. (12 20 ) 

. (12 20a) 


a) Overall Efficiency — As already discussed in Ait 12.10, the 
overall efficiency of a pump is 


Fluid orwatei horse power outpu t 
f\ov6)aii— } lorse p 0wer input to pump shaft 

WFIP 
* SPIP 


. ( 1221 ) 


This is also known as gioss efficiency. 

The shaft horsepower (SHP) of a centrifugal pump is required to 
supply the following powers, t e 

PsWl~P%ntut to impellei “\~P\leakaoe^TP\\nech loss .. (12.22) 

where P 8jl u / t —SHP—(BHP of driving unit) — (HP lost in coupling) 

Piuput to irrwii ar=cnergy given to the impeller per lb (or kg) per sec 


«2 


9 


WHP 


per lb (or kg) of water 

=WHP+T/ (V( | 

■ H-v\ano 

550 


(12.23) 


p _ . Q . ( f^mano) 

550 

=Power required to overcome head losses due to 


i) Circulatory or secondary flow 
it) Frictions of volute and impeller 
itt) Turbulence. 

Puakag $~Power required to overcome leakage 
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This is the powei required to pump thiough the impeller the 
additional amount of water which leaks and is not delivered. The 
leakage water is that which slips back from the pressure side to the 
suction side of impeller. It may also include the water which is used 
for balancing purposes. (See Fig 12.26). 

P m sch zoss^Power required to overcome all mechanical losses, 
which are— 

i) Disc friction loss (See also Ait 7 28rf) 
it) Bearings and glands losses 

b) Mechanical Efficiency is the ratio of the power delivered by 
the impeller to the fluid, to the horsepower input to the pump shaft, i e . 


/ £■+ 

_ W i s 

1}mech 

(SHP) —Pmtch lost 
~ SHP 

c) Volumetric Efficiency— 

a 

Q.+ AQ. 

where £)== Discharge utilised 

AQ,=Amount of leakage 

d) Manometric Efficiency—As already discussed 

_ actual measured head 

fluiano head imparted to fluid by impeller 

w O'*) // 

Hmano _ t_550 ™ 

u 2 * Vu 2 SHP P ntec h ; 0 is 


A d} 
50 


/ 


SHP 


...(12 24) 
...(12.24a) 

■ (12 25) 


. (12 26) 


7 

This is also known as hydraulic efficiency. 

From the above Eqns 12.5 to 12 6 

^lovoall^ (\intch * * 0 q • TQ mano • (12.27) 

12,26 Virtual, Ideal and Manometric Heads of Centrifugal 
Pump—The fundamental equation (Eqn 12.14) of a centrifugal pump is 
derived as—- 


where 

and 


i a. 


II 


_ maun 

Umam 



ih . v tl2 
= 7 

— actual measured head 


= theoretical head or better known 

as virtual head [H m ) 

«2 • V U2 


Hvir — 


g 


.. (12.28) 
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The virtual head is obtained if there is no hydraulic loss (See P Jvd \ n 
Art 12.25 above), i.e tJ the flow is frictionless and non-turbulent, and 
the impeller has infinite number of blades. 

Influence of Number of Blades —The virtual head (See 
Eqn 12.14 and 12.28) is developed considering infinite number of blades 
in the impeller through which the water has to pass. In practice the 
impeller must have only a finite number of blades, in which case the 
velocity of whirl is reduced owing to the secondary or circulatory 

flow effects in the impeller. The new value of velocity of whiil is 
given by 

^ti 2 =»M 2 - A y u>j 

The head developed, taking v' Un into consideration, will be known 
as ideal oi Euler head H t 

l h • “aC^u ,—A»u 3 ) 

Thus H,= --—' =-- ...(12.29) 

The ideal head /^ = e IJ xli wheie c is a Gieek leltei and known 
as Cornelian Factor for finite number of blades in ail impeller. 


II, V U,~ I\Vu. 2 


<=—rr = 


...(12.30) 


The following table showing the relation between s and £ the 
number of blades, is due to Pfleiderer. 


TABLE 12.4 

Correction Factor e vs £ 


1 

1 

2 

4 

6 

10 

20 

cc 

0 25 

CM 

0-572 

0-666 

0 77 

1 0-87 ! 

TO 


i 



It should be seen that the reduction in head from H vir to H x . does 



Fig 12*20 Virtual, Ideal and Manometric Heads 


not represent a loss but a dis¬ 
crepancy, for secondary flow 
effects, which is not taken into 
account in the basic assump¬ 
tions. 

Manometric head (H mnno ) 
or the actual head developed 
by the pump is still smaller 
than ideal head H u because 
there are friction losses in 
suction passages, interior of 
impeller and discharge volute. 
Over and above there is head 
loss due to turbulence. Fig 


12.20 shows the head curves drawn against discharge. 
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12.27 Overall Head Go-efficient or Speed Ratio—From the 
fundamental equation 12.13a derived above, 

1 __ 2/2 - v 2 cos • v x cos oq 

’OwiawO S? • tnano 

2(« a . y Ul ) 


2^ H w 


Introducing non-dimensional velocity co-efRcients* 

.V u 

K«~ 


U 2 _ TT ~ -“ 2 

8_ V2g H ma J Av «r V2g H, MM ' ’ 


-—’2(jr„ a .A" -AT U './r ) 

Y)<nano - "a 1 “l 


Or ‘f)tnau 0 


2(k h .k %s -k Ui .k v j 


If 


a,=90 °,K V =0 


and Y|tnano 2 7T K 

Since the product 

Tf AT U ~l (See Table 12.5), then K v ^O'S. 

2 N 0 


.,*(12.31) 


.,.(12.32) 


TABLE 12.5 


Practical Data for Speed Ratio K u 


i 

Small Pumps 

1 

Large Pumps 

Pumps without guide vanes 

Ku 2 — 1 '06 

K„ =0-95 

“a 

Pump with guide vanes 

| 

AT Uj =l-01 

K„ =0-93 

l< 3 


Problem 12.6 A diffusion type centrifugal pump has a suction lift 
of 5 ft and the delivery tank is 45 ft above the pump, The velocity of 
water in the delivery pipe is 5 ft/sec. The radial velocity of flow through 
the wheel is 10 ft/sec and the tangent to the vane at exit from the wheel 
makes an angle of 120° with the direction of motion. Assuming that the 
water enters radially and neglecting friction and other losses, find 


*The factor Af w is known as the “speed ratio JJ as in the case of turbines. See Ecjn 3.28a. 
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a) the velocity of wheel at exit* 

b) the pressure head at exit from the wheel, 

c) the velocity head at exit from the wheel 

and d) the desirable direction of the fixed guide vanes. 

(AMIE—April 1949) 

Solution 

5 ft 180°- 120° = 60° 

H d =45 ft ^=90° (V water enters radially) 

ft/sec »m 2 =o«i 1 =10 ft/sec 

5 +45-50 ft 

(neglecting all frictional losses) 

or H=H ma „ o =50 ft 

tan j5 2 =- —■■ . (See Fig 12.19) 

or tan 60° =-—— , 

«a— o Ua 

(«!- y » 3 ) = -y ^2 =5*78 ft/sec 

»u a • Ma 

Work done per lb of water = — - — H 

(Assuming the efficiency to be 100% i t e* neglecting all losses) 
or v U2 . w a =50x32*2 = 1,610 


Substituting for v Uq 

(«a—5*78) 1/2—1*610 or M a a —5*78 1*610«=0 

whence i/ a = 43*09 ft/sec 

„ „ 1,610 1,610 4f/ 

"> « 2 “ 43 09 “ 374 U/ £ 

and f’2='\/»m i , a +i’ti 2 2 = VlOO + S^ 2 

=38*7 ft/sec Answer 

y 2 33 72 

Velocity head at exit=7^-= ^-^- = 23*15 ft Answer 
1 2g 64*4 

Now 

2gf 


Pressure head at the exit of the wheel 

= 45-23*15 
=21*85 ft Answer 



2 g 
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Desirable direction of fixed guide vane is 
where v 2 cos c/ z =*v Un 

Vv 2 37 4 

CO s« 2 =-^-3 sT=0'965 

or a 2 =15°—12' Answer 

Problem 12.7 A centrifugal pump lifts water under a statie head 
of 119 ft (or 36*3 m) of water of which 13 ft (or 3 965 m) is suction lift. 
Suction and delivery pipes are both 6 inches (or 152*4 mm) in diameter. 
The head loss in suction pipe is 6 8 ft (or 1*826 m) and in the delivery 
pipe 23*2 ft (or 7 08 m ). The impeller is 15 inches (or 381 mm) in 
diameter and I inch (or 25 4 mm) wide at mouth and revolves at 1,200 
rpm* Its exit blade angle is 35°. If the manometnc efficiency of the 
pump is 82%, determine the discharge and the pressuie at the suction 
and delivery branches of the pump. 

(AMIE-Nev 1948) 


Solution 

19 ft (or 36*3 m) D z — 15 in. (or 381 mm) 

H e =l3 ft (or 3*965 m) b%~l in. (or 25*4 mm) 

119 — 13= 106 ft (or 32*335 m) jV-1,200 rpm 
H ^ =6*8 ft (or 1*826 m) ymano—S 2% 

“23 2 ft (or 7*08 m) <4 — ^=6 in. (or 152"4 mm) 

Total head to be supplied by the pump Hmano~H stai -\~£ 

-119+6*8+23*2 
s= 149 ft of water 

( or Himni} — 36*3+ T826 +7*08=45*206 m of water) 

Peripheral velocity of wheel at outlet 11^=* 

7rx||x 1,200 

=--=78 5 ft/sec 

T irx0-381xl,200 . "1 

or it*— - —’■ -=23'9 mj sec 

Assume flow at the inlet to be radial, ,\ ^=90° 

Work done per lb of wafers- 

r 9 

V Uq . Ui 


Manometric efficiency 
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0-82= 


v Ua x 78-5 


or 0'82« 


45-206 

y „ a x23-9 


149x32-2 
0-82x78 5 


=74'5 ft/sec 


45-206X9-81 nn , Cft _ ^ 

0 82x23-9 — 1 22 68 m/secJ 


m 2 

Now tan/3 2 = — -— (Sec Fig 12 19) 

r u -» 3 

tan 35°«-^gr 5 _ 74 . 5 Lor tan 3^°== “23*9 -22*68 -1 

or p mff =0*7002 x4=2‘8 ft/sec 

(or t>,„ g =0*7002X 1 *22 = 0*855 m/sec) 

and QMfC . D a . i 2 ) . »m a 

K >< I5 x A) X 916 cfs iteutr 

[or (+=(n; X 0*381 X 0*0254) x 0*855=0*026 m 3 /sec j4maw] 

\ 7 * 1 nnitu ttt ah ^ al iifOHTf Al'nA—. >• 


Velocity in suction or delivery pipe=r^=y,=- 


•|-X(0-5) 2 


“4'66 ft/sec 


or - 

-4 X 0" 1524® 
4 


a-422 ml 


4 66 2 

Velocity head= —=0*337 ft of watet 

T 1*442* *1 

I ° r == ~ 2 X9*81 m watcr 

Total effective pressure on the delivery side^Hd+TT^ +~- 

*=106+23’2+0’337=129’537 ft 

(or = 32 , 335+7*08+Q*0103=39 , 4253 m of water) 

129*537x62*4 . 

or a*---= 56*1 lb/sq m. Answer 
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£or 39 4253 X jq ' q^qq = 3 94253 k S / cmS Answer J 

v 2 

Pressure on the suction side=H a +H, +“= 13+6*8+0 337 

+a 

=20*137 ft of water vacuum 
or 34—20*137= 13*863 ft of water absolute 

62*4 

or 13*863x - t — = 6 Ib/sq in. absolute Answer 

144 

or Pressure on the suction side=3‘965+1*826 + 0 0103 

= 5*8013 m of water vacuum 
oi 10*36—5 8013 = 4*56 m of water absolute 

or 4*56 X Jo^lW^O ^ kg/cm 2 absolute Answer 


Problem 12.8 A radial, single stage, double suction, centrifugal 
pump is manufactured for the following data : 

Qj= 1,000 gpm 
77=100 ft 
JV= 1,750 rpm 

Leakage losses =30 gpm 
Mechanical losses^l'41 HP 


Contraction factor due to vane tluckness=0*87 


D 1 =4 in. 

£> 2 — 11 i in. 
b L ~ 1 in. per side 
in. in total 

«i=90° 
p2=27° 


Determine— 

a) Inlet Vane angle , 

b) Angle at which the water leaves the wheel « a , 

c) Speed ratio K Uz , 

d) Absolute velocity of water leaving the impeller 

e) Manometiic efficiency, 

f) Volumetric and mechanical efficiencies. 


Solution 

Total quantity of watei handled by the pump 


a 


total 


Q^per side 


= Q, da ivtl ed~\~(Llealed — 1 >000 + 30 
= 1,030 gpm 
1,030 


2 

515x10 


62-4x60 


515 gpm 
= 1*375 cfs 


a) Pei ipheral speed at inlet 

_ir.Dj.JV irx4x 1,750 
ttl 60x12“ ” 60xl2 


= 30*5 ft/sec 
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Aiea of flow atinlet= 7 r . b x X contraction factoi 

=itX A x^X0-87=0 0758 sq ft 
Velocity of flow at inlet 

=18-1 ft/sec 

i area of now 0 0758 1 

Now ^=90° 

A From inlet velocity triangle (See Fig 12 19) 

Vm i 18-1 

tan pi— — 30 5 =°'593 

or (Bi = tan “ 1 0*593»=30 o —-40' Amuet 

b) Aiea of flow at outlet 

= 7 r . Di b 2 X contraction factor 

wheie X~ 4 '=^k“ inch foi one side 

1 o A 61 


Area^icX-J2 x ~32xl2 x0 ‘ 8 ^ 

= 0 1023 sq ft 

/. Velocity of flow at outlet 

& 1*375 10t , rrv , 

!,n 3~ area of flow “' 0-1023 1=13 4) ft / sec 
Peripheral speed at outlet 

iz.D 2 .JV *;X 11*5x1,750 
60x12 

Now (3 2 =27° 

Fiom outlet velocity tiiangle (See Fig 12.19) 

tan «T^r 


" 2_ 60X12 


5 87*8 ft/sec 


or 


or 


tan 27° = 


13 45 


87 8- S 
o “61 *4 ft/sec 


l ' m 2 13-45 

Further, tan oc a =——= =0 219 


a 2 =tan _1 0-219=12°—21' Answer 

Ui 87-8 

«) Speed ratio K,~ v v 64 . 4x |00 -190S Ansm r 

d ) Absolute velocity of water leaving the impeller 
% 61*4 

v 2= cos a T^&Wrn =62 8 ft / sec Answer 
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e) Manometric efficiency— 


H m 


u 2 . v u 


or 


mano 


9 

q.H n 


«a . «», 


(See Eqn 12*14) 

a,w 32*2 X100 _ 
”87 8x61*4 = 


0*598 


or 59'8% Answer 


f ) Volumetric efficiency Y) n 

w K, total ljUdU 


or 


97*1% 


0 971 
Answer 


Water HP* 


10 . d , H m 


550 


500x10 100 

-621X 62-4 x 60- X l50 
= 15 15 HP 


Shaft horsepowei SHP~ ^- atcl ^ 3 = ^^- =^27 , 55 HP 

Coverall 0 55 

SHP—P meh l03S 27*55 — 1 ‘41 

SHP ~ 27 55 

—0 948 or 94'8% Answer 

12.28 Note on Fundamental Equation—A little consideration 
of the various factors involved m the fundamental equation would suggest 
that, if for a particular pump the outlet peripheral speed u 2 and the 
outlet relative velocity of water w% are kept constant, the velocity of 
whirl v Un would vary with angle ct 2 . The smaller the angle k 2 the larger 

would be v„ 2 , thus increasing the total head H mano 

However, the best practical value of a 2 is about 20°. Further, if w 2 
is higher, v 2 will also be correspondingly higher for a constant value of 
m 2 and the head H man0 will be more. But a higher w 2 also implies higher 
frictional loss and therefore it is not advisable to raise the head in this 
manner. 

Practical Data : 

a 1= =90° Px=25° to 30° p 2 =30° to 40° 

tan a _a__ _q 0 t/ 2 =0*6 to 0‘8 times u 2 

tan (3a 

12.29 Breadth of Impeller—Let Q be the quantity in cusecs 
of (or m 3 /sec) water flowing through the impeller. Then, from the 
equation of continuity, 

Q=% D t ,B lt 
P) 2 . 

=TC D , B . v m 
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where D and B are the diameter and breadth of the impeller at points 
indicated by the suffixes (Fig 12.21a), and p Wj and v mj are the veloci- 

ties of flow at inlet and outlet respectively. 



From the above equations in which the thickness of the vanes has 
not been considered, approximate breadths of the impeller at inlet and 
outlet can be worked out as hereunder : 


- 

tt D 1 . Vm x 

and B 2 = ___ Q 

TT D 2 . 0,„ 2 


...(12.33) 

...(12-34) 



Fig 12.21 ( b ) Section through an Impeller of a Centrifugal Pump 

The velocities of flow at inlet and outlet are generally taken to 
be equal 

•. D 1 . 

D . J5= const 


or 


.,.(12,35) 
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A curve B vs D will, therefore, be a hyperbola (See Fig 12.21a). 
This is, generally, the theoretical curvature of impeller blades. 

For a more accurate computation, vane thickness s should be 
considered and if z be the number of blades. 

Gr =(% D\—Z • h) • ■ p »» 1 

= D 2 —z . s 2 ) . B 2 . v m 

— (w £ . s) . B . ...(12.36) 

Here j is the thickness of vane measured along the ciicle, and if / be 
the actual metal thickness, 

__ t 
S sin /3 

12.30 Different Shapes of Blades—The blade of an impeller 
may have one of the following different shapes : 


1 

Shape 

1 

i 

1 

«i 


1 

| <*2 

0* 

'-1 % 

;) 

Blades bent 1 

7T 

TT 

I 7T 

7T 

85 to 90 


backward 

T 

<T 

1 <r 

< T 

ii) 

Straight blades 

7T 

~2~ 

7r 

<T 1 

7T 

<y 

7T 

< T 

~80 

«o 

Blades ending 
radially 

7 r 

2~ 

7T 

< 2 “ i 

7r 

<~2" 

7T , 

T 

80 to 85 

tv) Blades bent forward 

7r 

I 2 " 

7T 

<2" 1 

7T 

T 

7T 

> T* 1 

— 75 


In order to have a high efficiency, the centrifugal pumps are 
generally provided with impellers having their blades bent backwards. 
Straight blades are used for small pumps where economy is the main 
consideration. Blades ending radially are better than straight blades but 
cannot compete effectively with the first type although they have the 
advantage of being cheap. Blades bent forward yield a very low head 
efficiency and are, therefore, not used. 

12.31 Curvature and Proportions of Blades— 

i) Blades Bent Backwards : With reference to Fig 12,22, if M 3 be 
the centre of curvature of the impeller blade section as shown, then from 
triangle My f M z P lt 


[My M a )^p 2 +iV-2p Rl cos Pi 
and from A Af x M 2 P 2 , 

{My Mg) 2 =p 2 +f? 2 8 ~2p R 3 cos (3a 

Solving for p 

■fti 2 + p a —2i?i p cos 2R 2 p cos (3 a 

or R^ — 2Ry p cos jS 1 =7? a a —2/? 2 P cos (3 2 

p= _ RS-RS 

2 (Rz cos c °s Pi) 


or 


...(12.37) 
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c) Blades Ending Radially d) Blades End my Forward 

Fig 12,22 Determination of Blade Cut vature 

il) Straight Blades : 

Radius of curvature 9 — oz 
R 2 cos P% R} cos fii=0 


or 


Hi 

R* 


COS Pz 


*v (say) 


COS Pi 

Generally, the ratio v varies from \ to J 

also L =3 to 5 (See Fig 12-22^) 

Hi) Blades Ending Radially : 

7T 


..,(12.38) 


Here 

and 


cos (3 2 = 0 


— 2 /?! COS Pi 


..(12.39) 


The negative sign shows reversal of curvature i.e., from convex 
forward to concave forward. 


iv) Blades Bent Forward : 

p 2 >^“ cos£ s <0 

__ Rz 2 -Ri 2 _ 

p 2 (R 2 cos R x cos pi) 


and 


...( 12 . 40 ) 
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Since cos (3 2 is negative, the two terms in the denominator are 
additive and p is small. Also, the negative sign indicates concave 
curvature forward. 

12 32 Diameters of Impeller (Fig 12.21^) 
i) Outside Diameter of Impeller : 
a) FPS Units — 

As in the case of reaction (specially Francis) turbines the outlet 
peripheral velocity u 2 of pump is given by : 

7r . D% , jV* , 

^ 2 = gQ X J 2 where Z) 2 -*outside dia of impeller in inches, 

JV—rpm of pump shaft. 


If H is the total head in ft 
U2**K Utj . < s /2g H 

n 60x12 rr /TT /rr * 

•• D%^——.K Ua .V2gWH in. 

1,840 . K Uq . y/Jf 

--in. ,..(12.41) 

if JT.,-1, then in. ..(12.41a) 

b) Metric Units— 

ft . D 2 . N 
“ 2= - 60 - 

also i< 2 =A" Il3 . y/2 7 g~H 

Di ——. \/2 g . \ZH metres ...(12.416) 

ft • JV 3 ' 

if r.,-1, 

V2x9'8l . ^ metreg ,..(i2.41«) 

where // is in metres. 

These equations are also used to determine the head which a pump 
can develop if D 2 and JV* are known, specially, in practice, as a check for 
an existing pump. 

ti) Inlet Diameter : 

The inlet diameter D x is J to ^ of D a depending upon specific speed 
JV*, or total head Hyiwixq* 
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qfTMJCj 
’ l I 


TABLE 12.6 


Practical Values of : ~ 


Hfnano 

ft 

30 

150 

300 

m 

i 

10 

50 

100 


A 

A 

2 

3 

1 

2 

i ! 

3 



0 s 10 15 20 25 30 3S 40 45 SO 


DIAMETER OF SUCTION AND DELIVERY (INCHES) -*• 

Fig 12,23 Pipe Diameter vs Discharge 

12.33 Pipe Diameters*— 

i) Suction Pipe : The amount of water to be pumped is given by 
Q = , d? . v, where d t —diameter of suction pipe 

T 

t> 4 =“=velocity of water in suction pipe 
(Generally v, is 5 to 10 ft /sec or 1'5 to 3 m/ sec) 
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a 


7r 



(12.42) 


Fig 12.23 shows d t and dd vs Q..diawn from experimental data. 

n) Delivery Pipe : 


0,=-^- . d t i 2 . v th where d d =diameter of delivery pipe 


v d = velocity of water in delivery pipe 
(Generally v d is 5 to 12 ft/sec or 1*5 to mj sec) 



...(12,43) 


Generally v d is equal to oi slightly highei 
for practical values of d d , 

12,34 Pump Casing— 

() Volute Casing • A volute is shown 
in Fig 12,24. The point where the volute 
begins is known as theoretical tongue or 
cutwater. But in, practice, the actual tongue 
is at an angular distance from this point. 
This angle is known as the tongue-angle 
and is approximately equal to oc 2 . The 
volute is so designed that flow out of the 
impeller is uniform all around its periphery. 
If the total rate of flow be Q, then the 
quantity of water flowing across a section 
of the volute at an angle tf>° from the theore¬ 


than v 9 . See also Fig 12.23 



tical tongue is ^q- Q- 


The volute curve is of spiral form. The outlet of volute may be 
extended, as shown, in order to lower the outlet velocity of water down 
to a value required to carry the given discharge through the delivery 
pipe. However, the angle of divergence for this part should not exceed 
10° so as to avoid boundary layer effect and cavitation. 

Shape of Volute ; According to Pfleiderer, to ensure spiral How 
inside the volute, 


R . v u *=G 

where v u is the velocity of whirl at any 
radius R (See Fig 12.24) and C is a 
constant, The constant C can be 
evaluated from known values of R and 
v u at outlet of impeller. 

If b the breadth at a radius R 
at some section at an angle $ from the 
theoretical tongue (See Fig 12.24 and 
12.25), then rate of flow through an ele¬ 
mentary strip of thickness dR is 
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d Q$ =(lA 1 

— b,dR.v u 


u ~li 

dQ.<p—b . dR . 




.(See Eqn 2.8) 


...(12.44) 


*r 

This must be equal to - ggQ~ . Q, 

The external side of the spiral casing may be of any shape. 
Generally it is circular or elliptical. Elliptical form can also be obtained 
be equalising areas A x and A 2 shown in Fig 12 25. The angle of volute 0 
is generally 60°. 

it) Diffusion Casing : As has already been explained in Art 12 64 
this casing contains a number of vanes which provide passages for liquid 
to flow. The cross sectional area of any passage between two vanes must 
gradually enlarge in order to reduce the velocity of water emerging from 
the impeller (Fig 12.5) so that pressure head can be built up at the 
expense of kinetic energy. The angle of divergence for the enlarging 
section must not exceed 10°. The outlet area should be so chosen as to 
reduce the velocity of water to a final value just sufficient to carry the 
discharge through the delivery pipe. A sufficient number of vanes 
should be employed to ensure uniformly guided flow of water. 

12.35 Axial Thrust in Centrifugal Pumps—Axial thrust is a 
force acting parallel to the axis of the pump shaft, caused due to the 
following reasons— 

a) The water while passing through the impeller is rotating with 
a forced vortex, but that outside the shrouding (See Fig 2.8 and 2.9) is in 
a state of comparative rest. This causes a differential static thrust acting 
parallel to the axis of pump shaft and towards the impeller inlet, 

4) Liquid enters the pump axially and is then deflected from 
its original path to a radial direction. The dynamic action of liquid 
causes a force to act on the pump in the direction of flow at inlet. 
The magnitude of this force, measured by the change in momentum 
per second, is 

w . a 

-- . tq 

9 

To enable the pump to withstand this thrust, the following methods 
may be employed. 

a) For small pumps : 

i ) Providing a thrust ball-bearing in the direction of axial thrust 
shown in Fig 12.26a. 

it) Inserting a cast iron ring in the casing which should fit in 
with a similar ring cast integral with the impeller as shown in Fig 
12.264. 
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b) For large pumps : 

Where the axial thrust is heavy. 

i) Use of double suction impeller (See Fig 12.26s). 

Suction on two sides of the impeller neutralises the thrust, But 
this method can be employed only for single stage pumps. 

ii) Provision of relieving holes (See Fig 12.26^). 

Relieving holes are provided in the impeller to allow suction 
pressure to act on both sides. 

Hi) A balance plate may be fitted at the end of the pump shaft 
(See Fig 12.26*). 

iv) Balance Piston—This is employed for large pumps (See Fie 
12.26/). 

c) For multi-stage pumps : 

The number of impellers are made generally even. This will 
facilitate to arrange the inlets of the half of the impellers in the opposite 
direction as shown in Fig 12.2 6 ( 7 . These will balance the axial thrust 
produced by the other half numbers of the impellers. 

12.36 Variation of Speed and Diameter—Even after a pump has 
been manufactured and used, its head or capacity or both may have to 
be changed to suit a new set of conditions. This can be accomplished by 
varying the speed of pump or by changing the diameter of the impeller. 
It should be borne in mind that this step is to be taken only when a 
minor change in head or capacity is required, otherwise it is recom¬ 
mended that a new pump be manufactured with altogether different 
dimensions. 

a) Effect of Variation of Speed on Discharge, Head and 
Power : 



Fig 12.27 Effect of Variation of Speed on Velocity Triangles of a 
Centrifugal Pump 

From the velocity triangles shown in Fig 12.27 it is evident that 
since the vane angles remain constant, if u changes to u\ then 

W GC U 

t \ w oc N 
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But the discharge, 0== area across flow multiplied by w 
Clccw 

i.e, 2 cc N 

Thus discharge vaiies cliiectly speed. 

Further, from the fundamental equation (Eqn 12.12) of pumps it is 
obvious that head depends on squaies of velocities u v zm and v 2 . Fiom 
Fig 12.27, it is seen that these quantities are pioportional to speed, JV. 


Summing up, 


and 


Jl 

H 

H' 

HP 


HP' “l 


JV 

jV 

jY 

jY f 

jY 

N' 


.. (12.45) 
...(12.46) 
.. (12.47) 


Hydraulic losses vary more or less uniformly with the hychaulic 
hoiscpower. But mechanical losses are relatively small at higher speeds. 
Therefore, considering the brake horsepower, the total efficiency of the 
pump will increase slightly with an increase in speed. 

Problem 12.9 A centrifugal pump delivers 300 gpm (or 22’7 
lit /sec) of water against a head of 40 ft (or 12'2 m) and requires 6 HP (or 
6 08 metric HP) when running at 1,450 l pm. Find the discharge, head 
and horsepower required if it has to run at 1,800 rpm. 

Solution 

j\ r = 1,450 rpm 
<2=300 gpm (or 22*7 lil/sec) 

7-7=40 ft (12 2 m) 


jY’= 1,800 rpm 
PIP —6 (or 6*08 metric PIP) 


Now, 


[» 


o 

~d r 


JV 

JV' 


O'- 


$ xa=(-s-)-oo 

372 4 gpm 


y OQ'7- 

1,450 


-28 2 lit/sec 


Answer 
Answer 


Further, 


H ( 

• JV \* 

hr -(. 

,JV' J 

ii 

S3 

Vi 

o 

i ! 

' 1,000 
, 1,450 

Also, 


PIP 

( N V 

HP'" -1 

( JV'/ 


= 616 ft of water Answer 


X 12*2 = 18 8 m of water Answer 

* 


HP 


' (AdY 

\ JV )' 


HP= 


,800 
1,450 

—11'5 HP Answer 


\ 3 

J X 6 
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£or X 6-08== 11 65 metric HP Answer J 

b) Effect of Alteration of Diameter on Discharge, Head and 

Power—It has been mentioned earlier that the capacity of a pump 
can be changed by altering either its speed or the diameter of its 
impeller. The former is generally not possible because the speed of 
driving motor is fixed. Therefore, the diameter of the impeller has to 
be enlarged or reduced according as Ii or Q is to be increased or 
decreased. It may be effected by fixing rings to the shrouds of impeller 

(See Fig 12.28) to increase the outside diameter and extending the im¬ 
peller blades to the required size. The effect of alteration of D is twofold. 



Extended blades 

O = AREA 9 ETWEt N 
TWO BLADES 


Fig 12,28 Effect of Increasing the Outlet Diameter 
of an Impeller 

First, it changes it without changing JV*. 
u oc D 
w oc D 


Second, with reference to Fig 12,28, area across flow, 
a cc D 

But Q — w . a 

Q, cc D 2 


Also, since H depends on u 2 , w 2 etc and the latter are proportional 

to Dj 


H cc D 2 


Now, power, HP cc Q, H 
HP oc Z) 4 


Summing up 



q: 

t D \ 2 
k 'D’ ) 

...(12,48) 


H ( 
H’ 

' d y 

. D' ) 

...(12.49) 

and 

HP / 
HP'\ 

■. d y 

D' J 

...(12.50) 
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The efficiency T| increases slightly with size, 

If, together with the diameter D the height of impeller passage and 
dimensions of other parts are propottionately altered, 


Then 

a oc D 2 


Q, oc D 3 

and 

HP oc Z> 5 


Problem 12.10 A single stage centrifugal pump is built to give a 
discharge of Q, when working against a manometric head of 56 ft. On 
test it was found that the head actually generated was 61 ft for the 
designed discharge Q. If it is required to reduce the original diameter 
of 13*5 inches without reducing the speed of the impeller, compute the 
reduction necessary. 

(■Punjab University—September 1954) 


Solution 

. D . JV\ 

Head generated by pump 

TT «* V 60 ) 

= 2 g 2 g 

or 

Hoc D i 


H / J) y 

• * 

H' ~\ D' ) 

H=6 1 ft, 

H '-56 ft 

D= 13‘5 inches 


/ H' 

••• D = D • Kir) ■ 

- 13 5x( 61 ) 


= 1293 in. Answer 


c ) Relation between , H , HP, N and D —If the diameter and 
other dimensions of impeller are proportionately altered and the speed is 
also changeable, then the general relations between these quantities can 
be derived by combining the results obtained above. 

Hence Qoc D 2 . J\f ..,(12.51) 

H cc D 2 . N z ...(12,52) 

HP oc D 5 . jV s ...(12.53) 

These relations are approximate because leakage, windage and 
bearing losses have been neglected. 

12.37 Model Pumps—It has been mentioned in Chapter 9 that 
water turbines are always manufactured according to given specifications 
and not on mass scale. Almost all turbines are large units, so turbine 
models are prepared to predict the performance of the actual size 
machines before they are actually manufactured, In case of pumps, 
mostly they are manufactured on mass scale. In some cases large-sized 
pumps are to be installed. In such cases mass production cannot be 
resorted to, therefore, similar to water turbines large units of pumps are 
also not manufactured without making and testing their models because 
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it would be possible to make any alternation in design in time which 
would otherwise be difficult to cany out in the piototype machines. 

The model should have complete geometrical similarity with the 
piototype, not only in pump proper but in intake and discharge conduits 
also The speed of the model can be determined on the assumption that 
the model and the prototype have the same specific speeds The same 
conditions of similarity as explained in Ait 9 2 foi turbines would apply 
to the pumps also- The speed and dischaige for the model pump can 
be deteimined fiom equation 9.10 and 9.11 respectively. 

TT.-J^/A/w. (Sec Eqn 9.10) 

antl (See Eqn 9,1) 

where suffices V and indicate actual-size and model pump 
lespectively. 

Problem 12 11 To predict the peifoimance of a large centrifugal 
pump, its model, having the following specifications, was made : 

24 HP (oi 24*35 metric HP), //= 25 ft (or 7 62 m) 

jV=625 ipm 

Diameter of model pump impeller is 9 times smaller tnan that 
of the prototype The prototype pump has to work against a head of 
100 ft (or 30*48 m). Find its working speed and HP required to drive 
it. Determine also the late of How of both the pumps, 

(UPS C—June 1952) 

Solution 

P m =24 IIP (or 24*35 metric HP), // m -25 ft (or 7 62 m) 
Am = 625 rpm =9 Z) 3 ^ 

// a * 100 ft (or 30 48 m) 

Scale ~ —9 


a) For similar pumps, specific flow is same, 
(Q,n)«=(<iii)m 


(See Eqn 9.3) 


or 

Now 

i 


or 


da 

iV . VH a 


_ dm _ 

Bin 2 ■ V Ii m 

p= -HLr QdK f-jp 

550 nL 

n 550 . p r 

Q.= - u cfs or Qr= 


[” ' 


d-H 

75 


metri' 


iv . H 
550X24 


75 . P 


w 


—pj m 3 j sec J 


62-4x25 


- '(l/i /'ll Cone A rutui 
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[°* 


and 


or 


75x24-35 

i r 


Xoooi?^ =«239 mVsec Answer_ 


o„=o 


A, x2 
A» 


■VI. 

= 8 46 X (9) 2 x 

= 1 3 370 cusecs Answer 


Cl a = 0 239/9 2 x 


V 30_48_ 
7 62“ 


Z>) For similar pumps the specific speed is same, 

jV a .V£U 


HJ 


H 4 


38 7 m 3 sec JnjHterJ 

i 

(See Eqn 9 1 and 3.40) 


V a" ■( 

Ha y 

Hm J 

- 625X (‘srt)' x t 

f ioo y 

< 25 J 

= 139 rpra Answer 


* 

/30‘48\ 4 „„„ , 

\7 r 62~/ =139 rpm Answer 

similar pumps the specific powei is same, 

Pa Pm 

A 2 • A,- DJ . Hj 

(See Eqn 9 12) 


[oi 


s= 15*500 HP Answer 
P fl =24‘35 X 9 2 X 4^=15,750 metric HP 


Answer] 


12,38 Priming of Pumps — 


Priming— Before starting a pump, its impellei and suction pipe 
have to be filled with water in Older to remove any air, gas or vapour 
from the waterways of the pump. If a centrifugal pump is not primed 
before starting, air pockets inside the impeller may give rise to vortices 
and cause discontinuity of flow. The weaung rings may mb and sieze 
causing serious damage if the pump is allowed to run dry. It is also 
essential that packing be lubricated by liquid leaking past it. 

Ordinarily, priming is done by pouring water through a funnel, 
displaced air being allowed to escape through air vents. When a pump 
is being primed or stopped, the delivery valve should be kept closed. 
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Necessity of priming is the main disadvantage of a centrifugal 
pump. To overcome this difficulty, self-priming devices have been 
invented. 


Priming Devices— 

a) Pouring Water —Water is pouied in the pump through priming 
funnel. Air vent is opened to provide exit to the air. It is closed after 
the piiming is over. 


b) Priming Chamber — In small pumps a piiming chamber may 
be used on the delivery side of the impeller. When the pump is stopped, 
some water is stored in the tank and this can be used to fill the impeller 

and suction line before restarting. 
Normally, the capacity of the tank is 
about thiee times the volume of the 
suction pipe. 

c) Vacuum Producing Devices —The 
suction line and pump are exhausted of 
all air so that atmospheric pressure forces 
the water up into the pump. An ejector 
using high pressure water, steam or 
compressed air is employed to create 
vacuum at the top of the casing (See Fig 
12.29) so that water is sucked into the 
suction pipe and the impeller. 

With the increased use of electric 
power, motor driven wet vacuum pump 
have become popular. Modern pumps 
equipped with vacuum producing devices 
operate on the same principle as com* 
piessors or vacuum pumps. 



INLET . 

.(SUCTION) 


OUTLET 



Fig 12.30 Self-Pi immg 
Device in Sihi-Pump 


Self-Priming Devices— 

a) Patent Device in Sihi Piwips —Both the 
suction pipe and the rising main are connect¬ 
ed to the top of the pump (See Fig 12.30). 
Some water is always left in the pump when 
it comes to rest. 

b) By Interposing a Special Reservoir in 
Suction Pipe —Each manufacturer has 
got its own patent, designed on this 
principle. 


12,39 Suction Lift—Centrifugal pumps are designed for a total 
suction lift of 15 feet (or 4*5 m) of the liquid to be handled. So long as 
the suction lift is kept below this value, the output (Q) and efficiency 
(rj) of the pump are unaffected. As soon as the maximum lift exceeds the 
limiting value, the output would fall abruptly. It is not only the output 
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which is affected but, there is eveiy possibility of having the following 
troubles in the working of the pump : 

1. With the drop of output the efficiency will also be much less. 

2. Seizing of the pump may take place. 

3. The pump may become unprimed. 

4. The pump is subject to cavitation and air binding, making the 
opeiation very noisy ; the wear becomes rapid. 

The suction lift is limited by the following factors. 

1. Viscosity: Centrifugal pump should not be used for liquids 
of viscosity higher than 1,500 Say-Bolt Universal Seconds if 
the output is over 2,000 gpm (or 150 lit/sec). 

2. Temperature (See Table 7.3), 

3. Total lift. 

4. Losses in pipe fittings. 

5. High velocity of water entering the pump. 

G. Mechanical defects such as leaking of joints, thick blades of 
impeller and blunt or incorrect shape of blades of impeller, 
or that of the guides or volute because of which there is a 
possibility of formation of eddies. 

12.40 Horsepower of Driving Motor— Centrifugal pumps are 
generally coupled to 3 phase electric AC motors. Direct current motors 
are recommended where duty of the pump changes periodically. Horse¬ 
power of a driving motor should exceed the horsepower calculated for the 
pump by the following percentages : 

1. For a pump requiring up to 2 horsepower add about 50% 

2. For a pump requiring from 2 to 5 horsepower add about 30% 

3. For a pump requiring from 5 to 10 horsepower add about 20% 

4. For a pump requiring from 10 to 20 horsepower add about 15% 

5. For a pump requiring more than 20 horsepower add about 10%. 

The percentages stated above are valid for pumps handling watei 
or similar liquids. For special duty pumps, the percentages will differ 
according to the nature of the liquid to be pumped. 

Electric motors below } LIP are not employed for driving pumps. 
For 50 cycles frequency, the speed of an induction type motor may be 
about 1450 or 2900 rpm. 

12.41 Multi-stage Pump—If a pump is required to deliver 
against a very high head which cannot be built up in a single impeller, 
a number of impellers are connected in series, so that discharge from one 
goes to the inlet of the next and so on (Fig 12.6/)). All impellers are 
identical and keyed to the same shaft. Theoretically, at every stage the 
head should be raised by the same amount. The last diffuser dischaiges 
into the delivery pipe (Sec Fig 12.31). 

Particular attention should be paid to the design of a multi-stage 
pump shaft, It must not run at its critical speeds. This is particular!} 7 
important in case of boiler feed-pumps. 
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Problem 12.12 A centrifugal pump is required to deliver 900 gpm 
of water at room temperature against a head of 320 ft, when running at 
1450 rpm. Find the number of stages for best efficiency. 

Solution 


Q==900 gpm // = 320 ft JV= 1,450 rpm 

t \ Specific speed, v /V a — 

H K 


For a single stage pump with the given specifications 




1,450 X V 900 


- - = 574 units. 


320 1 


Pumps having a specific speed less than 600 are generally not 
recommended. In fact, the efficiency of a pump falls considerably if the 
specific speed is less than 1,000. This is because the impeller becomes 
disproportionate, the diametei being too laige relative to the width. It 
results in leakage and higher disc Fiction and fluid fiiction losses owing 
to narrow passage for the fluid. It is, therefore, advisable to use impellers 
of small diameters and consequently high specific speed. This will reduce 
the disc friction losses which vary with the cube of the radius and the 
centrifugal stresses which vary witli the radius. The efficiency will rise 
and the cost will fall. 

To select a suitable number of stages consider 

. Ar 1,450 XV9M” t OOA . 

i) a three-stage pump jv s —--- 3 —~ 1,330 units 

( 4 °)‘ 


ii) a five-stage pump 


J\ r ,= 


l,450x \/900_ 


1,920 units 


It is known from experience and the available data that a 1,000 
gpm pump is most efficient and economical if jV g ~2,000. Therefore, five 
stages may be recommended. 

Problem 12,13 A two stage centrifugal pump is required for a 
fire engine for a duty of 800 gpm at a head of 250 ft. If the overall 
efficiency is 75% and specific speed per stage is about 2,000, find 

a) the running speed in rpm, 
and b) the BHP of the driving engine. 

If the actual manometric head developed is 65% of the theoretical 
head, assuming no slip, the outlet angle of the blades 30° and radial flow 
velocity at exit O’15 times the tipped speed at exit, find the diameter of 
the impellers. Indicate the advantage of the two stage pump over the 
single stage for this duty. 

(UPSC Dec—1954) 


125 ft ' 


Solution 

0 800 gpm 

£T=250 ft 


H per stage 
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a) N, 


jV,=2,000 per stage 


^loteiall — 0 75 


,, jV, .H 1 2,COO X125 4 . 

.V - —=—-——— 2,650 rpm Answer 

Vd \/800 


b) £7.= 800 gpm 
800 

” 6-24x60 


=2’ 14 cusecs 


BHP of the driving engine= 


w.Q.H 

550 . Coverall 


62-4x2-14x250 
550x0 75 


t'O ^mano 0 65 H ilt 
/3 a =30° 


= 80 8 HP An aver 


^m s = 0*15 U 2 


From outlet velocity triangle (See Fig 12 19) 


or tan 


« 0*15 iti 

or tan 30 —— 

u 2 v u n 


0-5774= 0,13 

«2~ »«, 


«a 0-5774 
« 2 -» u 2 “'0 15 


=3-85 ...(1) 


Assuming flow at entrance to be radial and ^=90°, fundamental 
equation of pump would be : 

l-i ^2 ■ 

■“ ma«o_ 

where the manometric efficiency of pump is 65% 

125 Ul • v y _ 125x32-2 „ , n „ 

O-es" 3 32-2 or “2- w » 2 = 0 65 =6)192 

„ =6,192 


Substituting for v u in equation (1), 


6,192 

ti 2 — 


= 3*85 


or = 91'43 ft/sec 


Further u^AJL^.P'LlPL or 91 ~43 = -JH* ° 2 x 2 l 65 _6_ 

GO 60 

or D 2 = 0-66ft or 7-92 in. =8 in. Answer 

Diameter of each impeller is 8 in. as all impellers in a multi¬ 
stage pump are similar. 
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12 42 Deepwell Pump 
or Vertical Turbine 
Pump (Fig 12.32)—This 
is generally a multi-stage 
pump, the number of stages 
depending upon the head 
required. The impellers are 
assembled in a group at the 
lower end of the pump 
column and shaft. All the 
impellers and at least ten 
feet of suction pipe, with a 
strainer at the end, are 
placed below the water 
level. That is why such 
pumps are known as deep- 
well or borehole pumps. 
Water is conducted to the 
surface through the rising 
main pipe or column pipe, 
as it is sometimes called, 
which connects the impel¬ 
lers with the outlet. The 
impellers are keyed to a 
vertical pump shaft which 
is further coupled to a line 
shaft enclosed in a cover 
pipe with bronze bearings, 
placed at suitable intervals 
along the shaft, to prevent 
vibration and whip. The 
shaft is also aligned with 
these bearings. The bear¬ 
ings may be lubricated by 
oil, introduced at the top 
of the cover pipe, or by 
water. When there is no 
cover pipe, water naturally 
passing through the column 
pipe lubricates the bearings 
which are then made from 
rubber. At the upper end 
of the line shaft is fitted a 
thrust bearing which carries 
the weight of all impellers 
and the shaft, and balances 
the thrust on the impellers, 
caused by pressure head. 

The pump is generally 
driven by a direct coupled 
electric motor of vertical 
type, placed at the top of 
the line shaft, usually on 
ground level. The motor is 



A—Length of Bowl B—Length of Main Pipe G— 
Length of Suction Pipe D—Head above ground 
Level E—Inside diameter of Column Pipe F— 
Outside diameter of Bowl G—Height of Supporting 
Frame II—Head below Ground Level —Water 
Level while Pumping Hg—Depth of Deliveiy 
connection below Ground Level h —Strainci 
Length g—Dia of Strainei. 

Fig 12.32 Deep-well or Vertical Turbine Pump 
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properly protected against water. Sometimes, the pump is driven by a 
prime mover, generally a diesel engine. In such cases a belt drive is 
employed for small and medium sized pumps and toothed gearing For 


larger sizes. 


-LIME shaft 

s-TOP COLUMN 
PIPE 

„-TOP LINE 

SHAFT SLEEVE 

.— COLUMN 
FLANGE 


BEARING 

HOLDER 


BOTTOM 
COLUMN PIPE 

-PUMP SHAFT 
COUPLING 


PUMP 

SHAFT 


bronze: 

bearing 

IMPELLER 

COLLET 

-GUIDE 

VANE 

■BOWL 

IMPELLER 



RUBBER 

BEARING 

M 1 * ' 

SANO -c 
COLLAR 

-SUCTION 

CASE 

-SUCTION 
CASE BEARING 


I ''''"-SUCTION CASE 
dlug 

Fig 12.33 Longitudinal Section Tlnough a 
Tin ee-Stage Bore-Hole Centrifugal Pump 
with Shaft Guided in the Rising Main. 


The impeller used in a 
tut bine pump is closed or semi¬ 
open. Open impellers are seldom 
used. The impeller normally 
rotates with the blades bending 
backwards. If the direction of 
rotation is reversed, the discharge 
will fall, and the line shaft will 
be unscrewed at the upper end. 

Bypassing in Turbine 
Pumps —When water leaks out 
from the discharge to the suction 
side of the impeller, the pheno¬ 
menon is known as bypassing, 
Its effect is to lower the discharge, 
and hence the efficiency of the 
pump is reduced. Since the 
ordinary- volute pump is hori¬ 
zontal, the tendency to bypass is 
less and it is further prevented by 
replaceable wear rings. Corrosion, 
of impeller and guide vanes caused 
by impure water increases by¬ 
passing and friction, thereby 
lowering the efficiency^ of the 
pump. Impellers and guide vanes 
should therefore be made of 
corrosion resistant metals. Erosion 
is the wear of impeller caused by 
sand particles in water. Besides 
corrosion and erosion, cavitation 
(resulting from a high velocity of 
flow) is another phenomenon 
detrimental to the metal. 

12.43 Special Purpose 
Pumps—Special purpose centri¬ 
fugal pumps are designed either 
to handle liquids with extra¬ 
ordinary chemical or physical 
properties e,g. abnormal density 
oi viscosity, or special duties t.g* 
fire-extinguishing. This last one 
is just an ordinary high head 
multi-stage pump. 

The impellers of special 
purpose pumps have to be made 
of a special material or covered 
with a protective coating when 
required to handle chemicals, for 
instance, if a pump is meant to 
raise acids, the impeller ana 
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whole inside sui face of pipes, casing etc., should be coated with some 
acid-resisting substance i.e. Slone. 

Pumps for Liquids of Special Densities : 

p—tv . H 

Pressure generated oc Density of liquid (H constant) 

a i rjtj w . 0, H r w . Q.H . TTT . "1 

Also HP — “550 or 2=5 -75- metric HP 

Power consumed cc Density of liquid (() and H constant) 

or HP= ^5^ [or = p -jSL metric HP J ...(12.54) 


This equation shows that power required to deliver a certain 
quantity of liquid at a given pressure is independent of the density. 

Problem 12.14 A centrifugal pump handles a mixture of sand 
and water whose specific gravity is 1*08. The quantity of mixture to 
be pumped is 4,000 gpm (or 303 lit/sec) against a total head of 40 ft 
(or 12’2 m). Find the HP required by the pump if its overall efficiency 
is 75%. Find also the pressure in lb/sq in. (or lcg/Vm 2 ) developed by 
the pump. 


Solution 

Specific gravity of the xnixture= 1 '08 

Specific weight — 62'4x 1*08 lb/cu ft 

(or 1 , 000 x 1'08 kg/m 3 ) 


H=40ft (or 12*2 m) 
■q=0'75 

Power required for the 


0^—4^000 gpm (or 303 lit/sec) 


pump= 


w.d.H 

550 X'/) 


HP 


[or = W y^' H metric H pj 

4,000x10 


= l , 08x62‘4x 
=6975 HP Answer 


__ _ v 4fi v - 

62‘4 x 60 550 x 075 


p OAQ 1 —| 

P= 1 ‘08 X 1*000 X -j-Q 3 X 12'2 X 75 75 = metric HP Answer 


Pressure developed in the pump, p=iv . H— (1‘08 x62’4) X 

144 

=187 lb/sq in. Answer 

or T08 x 1,000 X YoOx^lOO^^ kg/cm 2 

Problem 12,15 A centrifugal pump is required to handle 700 gpm 
of brine against a net pressure of 65 lb/sq in. Determine the head in 
ft of liquid and the HP required by the pump if its overall efficiency is 
62%. Take the specific gravity of brine as 1T9, 
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Solution 

£>.= 700 gpm />=65 lb/sq in. v) = 62% 

Sp gr=l‘19 

/i=65 X 144 lb/sq ft 
a>=l‘19x62'4 lb/cu ft 

H=—= 65 >< ^ l. |26 ft of brine Answer 

w l‘19x62’4 


HP required by the pump = 


w 


&. H 


550 X 7) 


700xl0xli9 126 
~ ' -.60 X 550x0-62 

= 51‘3 HP Answer 


Problem 12,16 A centrifugal pump is required to handle 700 gpm 
of gasoline against a net pressure of 65 lb/sq in. Determine the head 
in ft of liquid and the HP required by the pump, if its overall efficiency 
is 62%, Take the specific gravity of gasoline as 0*7. 

Solution 

Q==700 gpm p = 65 lb/sq in. ^=62% 

Sp gr=07 

p — 6 5 x 144 lb/sq ft 
w— 0*7 X 62*4 lb/cu ft 

=2145 ft of gasoline Answer 
w 07x62*4 b 

PIP required by the pump= 

700x 10x0-7 214-5 

60 . X 550x0-62 

=51*3 HP Answer 


It is evident from the two proceeding examples that the power 
required by the pump for a given discharge is independent of the specific 
weight of the liquid so long as the net pressure/; generated is the same. 
The head in feet of liquid column, however, depends on the specific 
gravity. 


UNSOLVED PROBLEMS 

i 

12.1 What are the advantages of a centrifugal pump over a reciprocat¬ 
ing type ? (Jadaopur University—1955) 

12.2 Explain with sketches the working of a single-stage centrifugal 
pump. 

17.3 Name’the heads under which centrifugal pumptf are-classified. 

12.4 ' What is the difference between low lift, medium lift and high lift 

centrifugal pumps ? 





12,44 Pumps Defects and their Remediei 



Pump and suction line are not sufficiently primed 
with the liquid handled 


Excessive suction lift 


Insufficient margin between suction lift and vapour 

pressure 


Liquid contains gas 


Air pocket in suction line 


Air leak in suction line 


Air leaks into pump along stuffing box 


Foot valve too small 


Foot valve partly clogged 


Foot valve and suction line not fully submerged 


Connection of water seal on suction 
stuffing box blocked 


Lantern ring in stuffing box incorrectly fitted 


Speed too low 


Speed too high 


Incorrect direction of rotation 


Total manometric head of the system greater than 
the manometric head of the pur 


Total manometric head of the system lowr 
the manometric head of tb 


Specific gravity of liquid handled ' 
it was originally sr 


Viscosity of liquid handled is 
origins’ 


Parallel 

thg 















centrifugal pumps 


407 


12.5 Show by sketches the difference between the volute and the 
diffusion pump. 

12.6 What are the functions of a volute casing of a centiifugal pump ? 

(Jadavpai University — 1955) 

12.7 What is the difference between single-stage and multi-stage pumps ? 

12.8 What is a multi-stage centrifugal pump ? How does it function ? 

12.9 What is the difference between ladial, axial and mixed flow 
pumps ? Describe with the help of line diagrams. 

12.10 What is the difference between axial flow pump and Kaplan 
pump ? 

12.11 What is the difference between single suction and double suction 
pumps p State the advantages of double suction over single suction 
type. 

12.12 State the difference between closed, semi-closed and open impeller 
of a centrifugal pump. 

12.13 What kind of impeller would you select for a pump lecjuiied to 

handle paper pulp or molasses •* (AMIE — Nov 1954) 

12.14 Define specific speed of a centrifugal pump. State the difference 
of specific speed if the discharge is given in gpm or cusecs and also 
in w 2 3 /sec 

12.15 What value of head and dischaige will be used in detennining the 
specific speed of multi-stage and double suction pumps respectively? 

12.16 How does the specific speed of a turbine diffei from that of a 
centrifugal pump ? 

12.17 What is non-dimensional factor K s in case of centiifugal pumps ? 
State the diffeience between K s and N 3 for centrifugal pumps. 

12.18 State the specific speed of a radial flow, mixed flow (Francis type), 
mixed flow (Screw type) and axial flow centrifugal pumps. 

12.19 Show by means of different sketches how the ordinary centiifugal 

type of pump impeller is developed to an axial flow type. Write 
the approximate ranges of specific speed of the different shapes of 
impeller you draw. {AMIE— Nov 1954) 

12.20 Define static and manometric head of a centiifugal pump. Indicate 
these heads in a line diagram. 

12.21 Define overall efficiency of a pump, 

12.22 State the different types of head losses which occur outside the 
pump itself. How will you determine such losses ? 

12.23 Define manometric efficiency of a centrifugal pump. 

12.24 What are the different efficiencies of a centrifugal pump ? 

12.25 Differentiate between virtual, ideal and manometric head. State 
the influence of number of blades on virtual head. 

12.26 Explain with reasons the advantages of setting back the vane angle 

at exit in the case of a centrifugal pump. {AMIE—Nov 1953) 

12.27 What is an axial thrust in centrifugal pumps ? State its causes, 
Describe a few methods to withstand such a thrust for a) small 
pumps, b) large pumps and c) multi-stage pumps, 

12.28 State the effect of variation of speed on discharge, head and power. 

12.29 State the effect of change of diameter of impeller on dischaig’e } 
head and power on centrifugal pump. 
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12.30 What are model pumps? Under what circumstances they aie 
required to be prepared ? 

12.31 What is meant by “Priming” of a pump? What are the self¬ 
priming arrangements employed for big pumping units ? 

12.32 How does the location of the centrifugal pump affects its suction 
head ? 

12.33 Why can the suction height of a pump not exceed a certain limit 0 

( AMIE—May 1955) 

12.34 Plow would you determine tlie horsepower of a motor if the horse¬ 
power of a pump is given ? 

12.35 Draw the line diagram of a multi-stage pump giving the names of 
its main parts. How will you balance the axial thrust by fixing 
the impellers in the opposite directions ? 

12.36 What is a deep-well pump ? What is its practical use ? 

12.37 Draw sectional view of a multiple-stage deep-well pump. 

12.38 Prove that the discharge of a centr ifugal pump is independent of 
specific weight of the liquid it handles, so long as the net intensity 
of pressure generated is the same. 

12.39 A multi-stage centiifugal pump laiscs 1,000 gpm of water against 
a total pressure of 600 lb/sq in. The pump shaft rotates at 1,725 
rpm. Determine the type of impeller if the pump has foui stages, 

(680 rpm ; radial flow type) ( Jadavpur University—1956 Suppl ) 

12.40 A multi-stage pump running at 1,500 rpm deliveis 16,000 gpm of 
water against a head of 60 ft. A similar multi-stage pump has a 
specific speed of 1,460 rpm, find the number of stages, 

(36 Impellers in parallel) (UPSC — Dec 1955) 

12.41 A pump is used to deliver 2,500 gpm of oil to a large storage tank 
through an 8 in. clean steel pipe 400 ft long. The elevation of 
surface of oil in the storage tank is 20 ft above the delivery end of 
the pump. The pipe line includes a gate valve, 3 short ladius 
elbows, and the outlet is submerged. Sp gr 0*87 and kinematic 
viscosity~4X 10 “ B sq ft/sec, Find pressure in lb/sq in, at the 
delivery end of the pump. 

v 2 

Use the following values of k in hy—k , — for the losses in 
valves 

Gate valve = 0'19, short radius elbows = 0‘9. 

0‘221 

Determine the value of/from the relation 4/= 0 00324—^ 0,237 
(34 psi) 

12.42 In order to determine the efficiency of a centrifugal pump, the 
following observations were made ;— 

Pressure gauge reading on suction side =8 ft of water 
Pressure gauge reading on delivery side—412 ft of water 
Total water raised by the pump —3,000 gallons/min 

Total input to the pump =580 HP 

Find the efficiency of the pump. 

(65-9%) (Roorkee University—1956) 
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12.43 The impeller of a centrifugal pump has an outei diameter of 14 in. 
and runs at 1,000 rpm. The blades are bent at 150 ° to the direc¬ 
tion of motion at discharge and the radial velocity of flow is 
constant through the impeller at 8 ft/sec. The measured head 
across the pump is 71 ft and the fiictional resistance of the pump 
is estimated to be 6’4 ft. Find out— 

a) the efficiency according to velocity ttiangles, 

b) the fraction of the kinetic energy of water leaving the impeller 
which is converted to pressure head in the casing. 

(79*3%, 63%) ( London University—1944 — Ext.) 

12.44 A centrifugal pump impeller has an outside diameter of 8 in. and 
rotates at 2,900 rpm. Determine the head generated if the vanes 
are curved backwards at 25° and the velocity of flow which is 
constant throughout the wheel is 10 ft/sec. Assume hydraulic 
efficiency as 75%. 

Determine also the HP required to turn the impeller if the 
breadth of the wheel at outlet be j in. Neglect the effect of vane 
thickness and mechanical friction and leakage losses. 

(187*4 ft; 31 HP) (Jadavpur University — 1956) 

12.45 A centrifugal pump having impeller diameter 38 inches delivers 
17,500 gpm at a total manometric head of 212 ft when rurtning at 
750 rpm, the measured shaft HP being 1,370. The impeller vanes 
are backward curved and make an angle of 20 ° to the tangent and 
the effective circumferential area at outlet is 3’76 sq ft. 

Assuming leakage loss through clearance rings 3% of the 
discharge, external lossevS including disc friction, bearing and gland 
friction 50 HP, determine— 

a) the theoretical head which could be developed if the net HP 
given to the water flowing through the impeller was converted 
to head without hydraulic losses. 

b) the theoretical head assuming an infinite number of impeller 

vanes. 

c) the hydraulic efficiency and the overall efficiency. 

Explain why the head obtained from (a) is less than that from 
(b) and state what design factors influence this ratio. 

[ a ) 242 ft of water ; b) 345 ft of water head obtained in (a) is 
less than (b), because the impeller has got a number of 
blades in ( a ) ; c) f\ 0 waii= 82%, Y] /ttf3 =85-2%] 

(AMI Mech E-Oct 1955) 


12.46 Following information is given about a 950 rpm 
having 2 ft outside dia, 

Radial velocity (constant) = 18 ft/sec 

centrifugal pump 

. u 2 * V2 

.. (i) 

„ 1 

14a- — * Ka * V a 

...(2) 


...(3) 


where equations (1) and (2) represent respectively the ideal and 
actual work on the runner vanes per pound of water Wq and v' % are 
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the ideal and actual whirl components and the tangential 
velocity and p is a factor relating the difference between the actual 
and ideal conditions. If the energy received per lb of water is 

50 ft (H) and the hydiaulic efficiency jr = 0 86, construct the 

ideal and actual outlet velocity triangles and find thereby the 
outlet blade angle and ideal and the actual whirl components. 
Value oF/j can be taken as Q‘3. 

(18*9 ft/sec, actual ; 24 4 ft/sec, ideal ; 13° 30 ; ) 

(Punjab University—1957) 

12.47 A new pumping station is to be installed to supply water to a town 
with 13,000 inhabitants. The town is situated at a height of 7,200 
ft above mean sea level. The watei consumption per head is 40 
gallons a day. Half of the total consumption is to be supplied in 
8 hours. The total static head is 200 ft, and the head losses in the 
suction and the delivery sides are 110 ft. Select a suitable pump 
for the purpose and find the HP of the driving motor for it. 
Assuming a suitable motor speed, determine the specific speed of 
the pump impeller, as well as its inlet and outlet diameters. Assume 
the pump and motor efficiencies. 

(Water HP*=51*, with pump efficiency of 75% motor HP*^, 
5-stage pump, 1,530 with T450 rpm, impeller diameters 

11 in. and 5J in. with speed ratio of 1 ’02) 

(AMIE—JVov 1954 ) 

12.48 A single-stage centrifugal pump was designed to give a discharge 
against amanometric head of 80 ft with an impeller dia of 15 in, 
After manufacture the pump was tested and it was found that 
when the specified discharge was flowing through the pump, the 
head generated was 74 ft. Now the shaft speed cannot be alteied 
as the pump is coupled to an induction motor having a speed of 
1,450 rpm. 

Suggest the method of getting the design head. If certain 
corrections are necessary, calculate them. 

(Dia of impeller should be increased from 15 in. to 15‘6 in.) 

(.Punjab University—1958 A) 

12.49 A centrifugal pump was manufactured in order to couple directly 
to a 15 HP electric motor running at 1,450 rpm, delivering 500 
gpm against a total head of 70 ft. However a customer likes to use 
diesel engine in place of motor. The speed of the engine is 1,000 
rpm and the pump is to be coupled directly to the engine shaft, 
Find the probable discharge and the head developed by the pump, 
Also specify the HP of the engine you would employ. 

(345 gpm, 33*3 ft, 4*92 HP, 5 HP engine) 

(,Jadavpur University — 1955) 

12.50 It is proposed to build a three-stage centrifugal pump to handle 
780 gpm of water at a speed of 900 rpm and under a total mano- 
metric head of 230 ft. The vanes are to be radial at inlet and arc 
to be curved backward at exit at an angle of 45°. Assuming a 
manometric efficiency of 84% and a mechanical efficiency of 75% 
and considering that vane thickness accounts for 8% of the 
circumferential area, determine tjie probable external diameter and 
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width of each impellei and the HP input necessary, The velocity 
of how may be assumed constant at 10 ft/sec. 

(15 in., | in., 86*4 HP) {Roorkee Umoetsify—1958) 

12.51 A multi-stage boiler feed pump is required to pump 240,000 lb 
of water per hour against a pressure difference of 450 lb per sq inch 
when running at a speed of 2,900 rpm. The density of pre-heated 
feed water is 60 lb per cuft. 

If all the impellers ate identical and the specific speed per 
stage is not to be less than 1,000, find— 

a) the least number of stages and the head h per stage. 

b) the diameters of the impellers assuming the peripheral 
velocity=0’96'\/ 2 gli 

c) the shaft HP required to dtive the pump, assuming an 
overall efficiency of 78%, 

[a) 216 ft per stage ; b) 9 inches ; c) 168 HP ] 

(Delhi Universily-^1957) 

12.52 A centrifugal pump running at 750 rpm discharges water at a rate 
of 2 cusecs against a head of 50 ft. Find the discharge and the 
head pumped if the same pump is running at a speed of 1,500 rpm. 

(4 cusecs ; 200 ft) ( Delhi University—1956) 

12.53 A centrifugal pump draws oil of specific gravity 0 78 at a tempera¬ 
ture of 400°F from a closed tank in which the pressure is 85 lb/sq in, 
gauge. The vapour pressure of oil at the above temperature is 
90 lb/sq in. absolute, The pump is located at 10 ft above the 
oil level in the tank. If the pump is installed at an elevation of 
mean sea level, find the available suction head. Assume the 
frictional losses in the suction pipe equal to 3 ft of oil. 

(16 ft of oil) (AMIE—May 1955) 

12.54 A fluid is to be pumped 1,000 ft, through a pipe 8 in, diameter. 

Determine the HP required to pump one ton per minute, when 
the kinematic viscosity is 0*02 ft sec units, and the density of 
fluid is 57 lb per cuft. (5*69 HP) {Roorkee University — 1955) 

12.55 A centrifugal pump runs at 750 rpm and the difference in surface 
levels at suction and delivery, together with the pipe friction losses, 
is 50 ft, The relative velocity of water at impeller exit is inclined 
backwards at 45° to the tangent. The velocity of flow through the 
impeller, and in suction and delivery pipes is 7 ft/sec. A mano- 
metric efficiency of 77% is expected, and the water enters the 
impeller without whirl. 

Find the diameter of the impeller and the fraction of kinetic 
energy at discharge from the impeller which must be recovered as 
pressure if other losses are neglected. 

If the impeller diameter at inlet is 0’4 times the diameter at 
outlet, and entry is through one side only, find the quantity of 
water the pump can discharge for these conditions, and the axial 
width of the impeller at inlet and exit. Find also the vane angle 
at inlet. If, when running at this speed with the discharge valve 
closed, 2 HP is required to drive, find the probable HP required 
at the given discharge, and the overall efficiency. 

(15-19 im, 0*45, 1*409 cfs, P519 in., 0*61 in., 19°—24', 

12*53 HP, 65%) 
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12.56 The outside diameter of the vanes of a centrifugal pump is 20 in. 
The vanes are curved back to make an angle of 40° with the 
periphery. The pump has no volute and is needed for a lift 
of 35 ft. Calculate the propei speed and the hydraulic efficiency. 
By how much would the lift be increased if a whirlpool chamber 
of 40° were added and the pump run at the calculated speed ? 

Velocity of flow may be taken as= l \/ 2 gH* 

(545 rpm ; 58*7% ; 18*95 ft) 

12.57 A turbine pump has six impellers of 10 in. diameter with vanes 
curved backwards at exit at an angle of 45 deg. to the tangent. 
At full capacity the velocity of the water relative to the vanes 
as it leaves the impellers is 8 ft/sec. Calculate the total head 
against which the pump will deliver water when it is running at 
a speed of 750 ipm, assuming that 50 percent of the kinetic energy 
of the water is converted into pressure energy in the diffusers. 

(82’50 ft of water) [AMI Mech E (Lond) — Oct 1958] 

12 58 A centrifugal pump draws water from a sump tlnough a veitical 
152*4 mm pipe. The pump has a horizontal discharge pipe 
101*6 mm diameter which is 3.23 m above water level in the sump. 
While pumping 35*3 lit/sec, gauges near the pump at entrance 
and discharge read—0*324 kg/cm 2 and + 1‘8 kg/cm 2 respectively. 
The discharge gauge is 0*915 m above the suction gauge. Deter¬ 
mine the horsepower output of the pump. (11 metric HP) 

12.59 A centrifugal pump impeller runs at 950 rpm. Its external and 
internal diameters are 508 mm and 254 mm. The vanes are set 
back at an angle of 35° to the outer rim. If the radial velocity of 
water through the impeller be maintained constant as T83 m/sec, 
find the angle of the vanes at inlet, the velocity and direction of 
water at outlet and the work done by the impeller per kg of water. 

(8°— 12'; 22*7 m/sec; 58*5 kgm) 

12.60 A single stage centiifugal pump has an impeller of 254 mm 
diameter which rotates at 1,800 rpm and lifts 60*5 lit/sec to 24*4 m 
with an efficiency of 70%, Obtain the number of stages and 
diameter of each impeller of a similar multistage pump to lift 
75*7 lit/sec to 177 m at 1,500 rpm. 

(8 stages ; 290 mm dia) ( Punjab University — 1959 S ; 

converted to metric units) 

12.61 A centrifugal pump of 4 Ft (or T22 m) diameter runs at 200 rpm 
and pumps 66*5 cfs (or 1,880 lit/sec), the average lift being 20 ft 
(or 6*1 m). The angle which the vanes make at exit with the tangent 
to the impeller is 26°, and the radial velocity of flow is 8 ft/sec 
(or 2*44 m). Determine the useful horsepower and the efficiency. 
Find also the least speed to start pumping against a head of 20 ft 
(or 6*1 m), the inner diameter of the impeller being 2 ft (or 0*6lm). 

[ 151 HP (or 153 metric HP) ; 60*5% ; 198 rpm ] 

(. Punjab University — 1959 A ; converted to metric units also) 

12.62 A multistage centrifugal pump is to be designed to deliver 
10,000 gpm (or 757 lit/sec) of water against a manometric head 
of 200 ft (or 60*96 m). There are to be four equal impellers 
keyed to the same shaft which has a speed of 350 rpm. The vanes 
are curved back so that the direction of the relative velocity at 
dischaige makes an angle of 120° with the direction of the corres- 
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ponding peripheral velocity, and the impeller is surrounded by 
guides. Assume that the water enters the vane passages in a 
ladial direction that the velocity of flow through the impeller is 
0*27 of the peripheral velocity, and that the losses in the pump 
amount to one-third of the velocity head at discharge from the 
impeller. Find— 

a) the outer dimensions of the impeller, 

b) the manometric efficiency, 

c) the angle of guides. 

[D 2 =2'6 ft (or 794 mm) Z? 2 =3'08 in. (or 78 2 mm) ; 84 2%; 17J°] 

[London University — 1942) 
.63 In a long pipe-line carrying crude oil, it is usual to instal several 
pumping stations spaced at inteivals along the line, rather than 
to rely on a single station at the pipe inlet. Why is this ? What 
are the advantages of multiple stations ? Illustiate your answer 
by sketching comparative hydraulic gradients. 

A horizontal pipe-line 235 miles (or 378 km) long and 24 in. 
(or 610 mm) diameter is to carry 210,000 barrels per day of crude 
oil of C.G. 0'89. Its viscosity is such that in the formula 

4 fi 

X velocity head, the value of the frictional co-efficient / 

is 0*007. It is stipulated that at each pumping station, the pressure- 
difference generated is not to exceed 600 lb/in 2 (or 42‘2 kg/cm a ). 
Flow many identical stations would be needed, and what should 
be the power delivered to the oil in each one ? 

Note: 1 barrel of oil = 5*615 ft 3 or 0'159 m 3 ) 

(AMI Mech E—1959 Oct ; converted to metric units also) 
(5 stations ; 2,000 HP) 
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SOME MORE PUMPS AND WATER LIFTING DEVICES 

13.1 Propellei Pumps or Axial Flow Pumps 13.2 Cavitation in Piopeller Pumps 
13.3 Gharacteusiic Guives of Axial Flow Pump 13.4 Use of Piopeller Pumps 
13.5 Sciew Pumps oi Mixed Flow Pumps 13.6 Jet Pump 13.7 Air Lift Pump 
13,8 Pulsometei Pump 13.9 Hydiauhc Ram 13.10 Ram Piinciple and Opeiation 
13,11 Some Hydraulic Ram Installations 13.12 Ram Calculations. 


13.1 Propeller Pumps or Axial Flow Pumps (Fig 13.1)- As 
already explained in Art 12.8c the propeller or axial flow pumps are 
specially designed for large capacities and low heads, generally under 
forty feet or about twelve metres. This pump is often called propeller 
pump because its impeller somewhat resembles a marine propeller. The 
axial flow impeller has evolved from the radial type (See Art 12.14 and 
Fig 12.10). The radial flow pump (i.e., the ordinary centrifugal pump) 
develops the liquid head by centrifugal action as distinguished from the 
hydrodynamic "lifting” (See Art 10.21) produced by the vanes of an 
axial flow or propeller pump. The specific speed of the impeller of a 
propeller pump is 5,200 to 23,650 FPS units (or 110 to 500 metric units) 
(See Table 12.1). Axial flow pumps are generally designed to opeiate 
with the shaft vertical, mainly for the sake of compactness. 

Propeller or axial flow pumps are the converse of propeller or 
Kaplan turbines (See Chapter 7). When the pump is required to 
operate with a high percentage variation in head, the efficiency of 
fixed blade impeller is low at part and overloads. To overcome this 
difficulty, adjustable blade impeller has been developed. Pumps so 


Fig 13.1 Section Through 
a Piopeller Pump, Veitica{ 
Closed Type 

Manufactured by 
Sul?er Bros Ltd 
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equipped are sometimes called Kaplan pumps. The discharge of a 
Kaplan pump can be regulated by adjusting the position of impeller 
blades. 

Problem 13.1 Find the main dimensions of a propeller pump 
which is required to deliver 2,800 gallons per minute (or 212 lit/sec) of 
water against an average head of 9 ft (or 2*74 m), Assume specific speed 
of the pump as 9,680 FPS units (or 205 metric units), speed ratio 2*1 and 
flow ratio 0*45. 


Solution 

£7==2,800 gpm (or 212 lit/sec) H =9 ft (or 2‘74 m) 

TV* = 9,680 FPS units (or 205 metric units) 

^“ 2-1 ^*= 0-45 

w. ^/qT 


Specific speed of the pump is given by, JVV 


a 


JV= 


jX, . H‘ __ 9,6 80 x 9 1 
•v/QT _ V2.800- 


=950 rpm 


P or JV= 


205X2-74 4 205X l’655x 1'288 


V3 


212 

000 " 


0*46 


= 950 rpm 


In order to be able to couple the pump with an induction type 
electric motor, adopt a sp^ed of 960 rpm Answer 

Peripheral velocity of impeller at outlet 

*/2g H 


= 2*1 X V64'4 x 9 = 50'5 ft/sec 


[or «a=2*l X V2X9‘81 x2*74=15*4 ?njstc] 

K . D z * N 


but 


60 


Impeller outlet diameter 


60 , u 2 

imr 

60x50*5 

TCX960 


1 ’00 ft =^12 in. 


r ~ 60X15*4 n onr 

or Z) a =-— —=0 305 m or 305 mm 

L 7tX960 J 

Impeller inlet diameter Z) 1 =Z>2=12 in. (or 305 mm) Answer 

Velocity of flow v m ^=K Vm ^ . H =0*45X \Z64*4x9 

= 10’83 ft/sec 



416 


HYDRAULIC MACHINES 


[or »«i 2 =0'45x V 1 19 62x2'74=-3 305 m/sec] 

n 2,800x10 h.AQ r 
«■- 62-4x60 “ 7 48 Cfs 

(or Q = 0*212 m 3 /sec) 

Assume 4 blades, each } in. thick. 

„ „ a a _ 


wheie n = 
/, 10*83 = 


3 area of flow tt 

diameter of boss 


JV-» a ■ ^ 


outlet diameter of impeller D 3 

7-48 7-48x4 


-LiV (!-»•) ’ ,X1X<1 -"' ) 


or 3 - 305 = 


0212 


X 0'305 a x (1 — « 


J 


or 

[ or 

or 


» 2 = 1 - 


1 - 


7-48x4 


10-83X7r 
0-212x4 


3*505X7r x0'305 a 


l — 0*878 = 0*122 

1-0*878=0*122 


n=0*35 


Diameter of boss 

s=0*35X 12=4*2 in.s=4J in. (or 0*35 X 305 = 107 mm) 
Horsepower required to drive the pump 

w . a . H 62*4x7-48x9 , 

*“ 550 xvu “ 550x0*695 

(assuming pump overall efficiency as 69*5%) 

HP = 11 Answer 




or Power 


1,000x0*212x2-74 
75x0 695 


-1114 metric HP 


Answer 


13,2 Cavitation in Propeller Pumps —Propeller or axial flow 
pumps have a limited suction lift, about three feet (or one metre) of 
liquid. The impeller is therefore located within the suction limit, very 
close to the pump inlet. Unlike radial pumps the axial flow pump 
cannot be operated throughout the range of performance curve. 
Operation must be confined to the range of maximum efficiency other¬ 
wise it becomes noisy, and there is danger of cavitation (See Art 7,16), 
Cavitation results from the same causes in turbines as well as in pumps 


and Thoma’s co-efficient a = - 


Hr 


■H, 


H 


derived for turbines is also appli¬ 


cable to pumps. Modern trend, however, is to introduce another 
criterion besides, Thoma’s co-efficient a, for pumps. 
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positive suction head — excess of absolute suction head over 
vapour pressure 

Symbol ically, H n = Tl b - H a 


Then 


Go it — 


H 


Specific speed of a centrifugal pump is given by 


JV,= 




j. 

H i 


(13.1) 


or 


H= : CL’ __ const 


X 


JV* 


Substituting this value of H in (13.1) 


For two pumps 


i. 

const 


X. 


(q Ci i t )2 / s 2 \ 

(q«<t)i n X x J 

Relationship of a and X can be known empirically. 


Thus 


and 


6'3. X* c . , 

a = -—To®- ‘ or sin S lc suctlon pumps 

(FPS units) 

4 . N* 

a=*- jqq -for double suction pumps 

(FPS units) 


..(13.2) 


...(13.3) 


...(13.4) 


...(13.5) 


...(13 6) 


Wislicenus* introduced another cavitation criteiion, known as 
suction specific speed, 


s~ 


Vdo 


(FPS units) 




- (13.7) 


The relation between the factors JV*, and o cu t can be derived from 
equations (13.3) and (13.7) 


/V 1 

Jy * _4 

Gent 

S 


...(13.8) 


StepanofFj has given the following values for s : 

7,900 (FPS units) for single suction pumps, 
and 11,200 (FPS units) for double suction pumps. 


*Trans. ASME Vol 61, 1939, p. 17. 

f Centrifugal and Axial Pumps by A. J. Stepanoff, (John Wilty & Sons), p, 266. 
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13.3 Characteristic Curves of Axial Flow Pumps —Typical 
characteristics of an axial flow pump are shown in Fig 13.2 d. It will be 
noticed that the head-discharge curve has a steeper slope than for a 
centrifugal pump of radial type. Unlike the latter, the BHP of an axial 
flow pump increases with head. Rising up of the BHP-dischaige curve 
towards the left suggests that the motor may become overloaded if the 

lift were to be raised above the head corresponding to the maximum 
efficiency. The pumping set is, therefore, provided with a device to stop 
the motor before overloading. The efficiency-discharge curve indicates 

a maximum efficiency at less than half the shut off value (i e> when Q==0) 
and fall in efficiency for higher and lower heads. 

Fig 13.2 a i b and c show the typical characteristic curves of a single- 
stage volute pump, multiple-stage turbine pump and mixed flow (screw 
type) pump respectively, which could be compared with the characteristic 
curves of a propeller pump (Fig 13.2 d). 

The speed of an axial flow pump may be vaiied widely without 
affecting efficiency or head. Since the discharge varies directly with 
speed (See Eqn 12.51), variation of speed may be employed for regulating 
discharge. 






Fig Characteristic Ctirves a ) Single Stage Volute Pump b ) Multiple Stage 

TutbmePurap c) Mixed Flow (Sciew) Pump d) Axial Flow (Ptopeller) Pump 
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13.4 Uses of Propeller Pumps—Propeller or axial flow pumps 
are widely employed for all types of low head pumping jobs such as land 
drainage flood control, stoim water disposal, inigat on, condenser 
circulation in power plants, etc. This pump, however, is not satisfactoiy 
for developing pressures at throttled discharge. 

13.5 Screw Pumps or Mixed Flow Pumps (Fig 12. lb, 12.10 
and 13.3 fl) and b )—Mixed flow pumps are often called angular flow or 
semi-axial pumps because the water flows through the impeller axially as 
well as radially. Like the axial flow type, these are also used for low 
head and high discharge, and have a limited suction lift. The specific 
speed of mixed flow impeller varies from 3,900 to 7,750 FPS units (or 82 
to 164 metric units) (See Table 12.1). The head of liquid is developed 
partly by centrifugal action and partly by lifting action of vanes. 
Basically, these pumps have a construction similar to that of Francis or 
mixed flow turbines, but the operation is just the reverse. Typical 
characteristics of a mixed flow (screw type) pump are shown in Fig 13.2c. 

DELIVERY 



Fig 13,3 a) Section through a Sciew (Mixed Flow) Horizontal 

Type Pump Manufactured by Sulzer Bros Wmteithur 
(Switzeiland) 
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Fig 13.3 b) Sul/ei Sciew Pump Dcliraing 185,000 gpm (oi 14,000 lit/sec) 
against a Head ol 10'75 K (<n 3'28 ?») 


Problem 13.2 Two centrifugal pumps A and B, each single stage, 
single suction, mixed flow type, when tested separately gave the following 
performance results— 


Pump A 


Cl gpm 

0 

1,000 

2,000 

3,000 

1 4,000 

1 

5,000 

6,000 

Ii ft 

38 

37-5 

35-5 

33 

30 

27 

23 

Pump B 

d gprn 








HI t 

59 

56 

51 

! 

46 

3, 

' 

1 29-5 

16 


Draw II vs Q ciuve of each pump. If the two pumps work in 
parallel, draw the combined Ii vs Q curve. Find the BHP of the 
combined pumping set when the system is delivering 9,500 gpm. Take 
the efficiency of the combined set as 65%. ( UPSC—jfan 1955) 
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Fig 13.4 H vs Q Gutves of Two Mixed Flow Pumps Woiking in Parallel 


Solution 


H vs £} curve of each pump is drawn in Fig 13,4, For pumps 
working in parallel add the Q, 5 s of the two pumps at the same heads* 
thus— 


1 

H ft 


Q,gpm 

Total Q, (A+B) 

Pump A 

Pump B 

gpm 

38 

0 

4,150 

! 4,150 

34 

2,700 

4,600 

i 7,300 

30 

4,000 

4.950 

8,950 

26 

5,250 

5,325 

1 10,575 

24 

5,700 

5,450 

11,150 


For the combined set, the head H, when CL is 9,503 gpm is 28'8 ft. 

(from the new curve) 

/. BFIP of combined set= 


9,500 

6-0 


X28-8 


550 X 0'65 


227 HP Answer 
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OTHER WATER LIFTING DEVICES 



$ucriON 


Fig 13.5 Jcl Pump 


-n 


13.6 Jet Pump (Fig 13.5)—Steam or 
water at a high piessure is forced through 
a fine aperture nozzle, thereby converting 
most of the pressure energy into kinetic 
form. It results in a lowering of pressure 
which causes suction to take place. 
Probably a part of the suction is due 
to the lowering of pressure resulting from 
condensation of steam. 

Steam is generally used in jet pumps 
meant to feed boilers. The nozzle can 
lower the pressure to three fourths of atmos¬ 
pheric pressure i.e . about 8 ft suction head 
can be obtained. Steam also serves to 
preheat the water fed to the boiler. 

With water at high pressure, a more 
perfect vacuum can be produced so that a 
suction lift of 18 to 20 ft (or 5*5 to 6 m) 
can be obtained. The jet should be near 
the surface of water. Several jets may be 
employed if a large quantity is to be pump¬ 
ed. This arrangement is often used in 
mines and also for pumping oil or petro¬ 
leum. The capacity of a jet pump ranges 
upto about 700 gpm (or 53 lit/sec). 

If Q,! be the rate of flow from supply 
reservoir and Quantity sucked per 

second, the delivery Q, =» Q^\ + Q, s . 

If 1I\ be the height of supply reservoir 
above the jet, H s the suction head and H d) 
Lhe delivery head, then efficiency of the jet 
pump is given by— 


CL , {Hj+ H § ) 
Q x (ft -H*) 


...(13,9) 


Problem 13.3 A jet pump fitted 8 ft (or 2*44 m) above the suction 
reservoir and 60 ft (or 18*3 m) below the supply reservoir lifts water 
through a total height of 8 ft 9 in. (or 2*67 m). Determine the efficiency 
of the jet pump when it delivers 100 gpm (or 7*57 lit/sec) of water while 
using 36*5 gpm (or 2*76 lit/sec) from the supply reservoir. 


// B *8 ft (or 2‘44m) 


Solution 

60 ft (or 18*3 m) 

H,+Hi= 8*75 ft (or 2-67 in) 

Q = 100 gpm (or 7'57 lit/sec) Q^i^-36'5 gpm (or 2'76 lit/sec) 
— 0,!== 100 — 36'5 = 63'5 gpm 
(or 0 ,=7'57—2'76=4'81 lit/sec) 

d, {H d +H t ) 63'5 X 8'75 
‘P, (Hi-H d ) — 36 5 x (60 -0 75)' 


Jet pump efficiency T \^q , h 


r =0'257 


25 , 7% Answer 
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_ 4-81 X 2-67 

_ or V1_ 2‘76x (18-3 — 0*229) 

13.7 Air Lift Pump—It 

utilises compressed air for laising 
water. Because the density of a 
mixture of air in water is much 
lower than that of pure water, if 
such a mixture is balanced against 
a water column, the former will 
rise much higher than the latter. 

Fig 13.6 shows diagramma- 
tically the simplest method of 
raising water from a deep well 
by means of compressed air 
supplied by a compressor unit 
installed on the surface. The 
rapid stream of air at A produces 
a jet and entraps the water in 
the immediate vicinity and carries 
it upwards to B, The air-water 
mixture can rise above the water 
level because its density is less. 
The air is introduced at a consi¬ 
derable depth below the water 
surface in the well, so that the 
actual difference (L—H) may be 
sufficient to initiate flow to B, the 
desired delivery level. 

For best results, the lift of 
the pump (L—H) should be less 
than H (See Fig 13.6). 


X lOO^lS'T/o Answer 



Fig 13.6 Ail Lift Pump 


TABLE 13.1 
Lift vs Submergence 


Lift (L-H) 

ft 

50 

150 

250 

350 

450 

i 

m 

15 

45 

75 

105 

135 

Submergence H 

I 

ft 

100 

200 

250 

275 

320 

m 

30 

60 

75 

85 

100 
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Advantages of air-lift pump : 

*) No moving paits, no valves. No damage due to solids m 
suspension in water. 

ti) Raises more watei for a given diametei than any other pump, 

in) Can be used to drain out water in mines wheie the compressor 
units are already available. 

Disadvantages : 

r) Efficiency is very low. The volume V of air in cu ft, at atmos¬ 
pheric pressure, required to lift one cu ft of watei through a height 
(L — I-I) depends upon the efficiency. 

If y} = 30%, 

and if 7 ]-=40%, 

tz) Possibility of air leakage. 


STEAM INLET 



rr L-H r 
V ~~20~ cuft 

i cu ft 


Fig 13.7 ( a ) Diagiammatic SkeLch of a Pulsomelct Pump 
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13.8 Pulsometer Pump (Fig 13.7a and ^ — Condensation of steam 
is utilised in a pulsometer pump for taising watei. The pulsometer pump 
comprises two chambers arranged side by side. While watei is rising 
in one chamber, dischaige takes place fiom the othei. Theie is a steam 
inlet at the top with connections to eithei chamber. A ball valve is 
used to shut off one chamber while the steam passes to the other. There 
is a water inlet at the bottom connected to both chambers by simple 



Fig ,13 7 ( b ) Section tlnuugh a Pulsometei Pump 


non-return valves, As steam enters a chamber full of water, the surface 
of contact being small no appreciable condensation takes place. The 
steam pressure forces the water out through the delivery valve and 
continues to do so until the water level falls below that of the delivery 
valve. At this stage the exit is^thrown open to steam and the violent 
escape of steam and the increased area of surface of contact result in 
sudden condensation. Immediately, the ball valve changes its seat 
cutting off steam supply, the delivery valve is closed and suction commen¬ 
ces through a valve at the bottom. While the chamber is gradually 
filled with water, discharge takes place from the other chamber in a 
similar way. The two chambers work alternately and maintain the 
cycle. An air vessel is provided for cushioning. 

Practical Data 

Suction range =6‘5 to 13 ft (or 2 to 4 m) 

Maximum suction lift ^ =26 ft, (or 8 m) 

Temperature of water at which 

Suction stops and delivery beghis^^O 0 ^ (or 50°C) 

Delivery head per pulsometer 5=150 ft (or about 50 m ) 
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Steam pressure ^Delivery head in lb/sq in.-f 22 

to 45 lb/sq in* depending on 

head (or in kg/cm 3 +1*5 to 
3 kg Icm 2 ), i e. about 50% 
higher than water head 
required. 

Volume of steam requited =2 to 3 times the water 

delivered. 

13,9 Hydraulic Ram—'Hydraulic ram is a contrivance to raise 
a part of large amount of water available at some height, to a greater 
height. This is employed when some natural source of water like a 
spring or a stream is available at some altitude e g . in a hilly region. Work 
done by a large quantity of water in falling through a small height is used 
to raise a small part of it to a greater height. Action of water hammer 
makes it feasible. No external power is, therefore, requited to work 
this machine. The first hydraulic ram was invented in 1775 by John 
Whitehurst of Derby (England). 

Fig 13.8 illustrates a typical ram installation. A is the source of 
supply connected to a supply pipe having a gate G. Water flows through 
the supply pipe to a waste valve or impulse valve W which, when open, 
allows the water to escape. As this valve closes, water is suddenly 
brought to rest and the resulting water hammer forces open the delivery 
valve fitted in an air chamber. Water is pushed through the delivery 



pipe, connected to the air chamber, into the service tank B. A snifting 
or air valve is provided, which admits air for the air chamber to make 
up for the loss due to absorption in water. All three valves mentioned 
above are non-return type. 

13.10 Ram Principle and Operation —In principle, the 
hydraulic ram is an impulse pump. The impulse is developed at the 
expense of dynamic inertia possessed by a moving column of water. In 
other words, the momentum of a long column of water flowing through 
the supply pipe is made to force a part of the water to a level higher 
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than that of the supply source itself. In order to develop maximum 
impulse, supply pipe should be as long as possible. Installation of ram 
too close to the source of supply will reduce the impulse and consequently 
the delivery head. 

The cycle of operations is explained below. Initially, the water 
is at rest and the delivery pipe C and waste valve II 7 are closed. Ram is 
started by opening the gate valve G , of the supply pipe, setting the 
water in motion. The column of water in the supply pipe rebounds a 
short distance creating partial vacuum in the ram chamber. The vacuum 
causes the snifting valve to open, admitting a small amount of air. 
This removes the pressure difference across the waste valve which then 
opens of its own weight. Water begins to escape through the waste valve. 
As flow accelerates, pressure on the waste valve rises and it begins to 
close. As it closes, pressure increases accelerating the rate of closing. 
Consequently, the valve closes suddenly, producing water hammer in 
the supply pipe. A very high pressure is momentarily produced in the 
ram chamber, by which the delivery valve is forced open. Open 
delivery valve admits water to the air chamber. As the pressure 
gradually rises in the air chamber, inflowing water is brought to rest 
and the delivery valve is closed. Incoming water, however, compresses 
the air and as soon as the delivery valve is closed, the air pushes a part 
of the water into the delivery pipe. Water passing through the air 
chamber carries along with it the air admitted to the air chamber 
through the snifting valve at the beginning of the cycle. This ensures 
that there would always be some air in the air chamber. The cycle is 
complete and starts again at the beginning. The ram operation can 
be stopped by closing the gate valve G in the supply pipe. 

This cycle of operation may be summed up as follows : 

1 ) Delivery valve closed. 

2) Vacuum is created by rebound and air is admitted through 

the snifting valve. 

3) Waste valve opens and water starts flowing to waste through 

the valve. 

4) Waste valve closes suddenly causing water hammer. 

5) Momentary high pressure resulting from water hammer forces 

open the delivery valve. 

G) Water enters the air vessel through the delivery valve, 

7) Pressure rises in the air chamber, slowly bringing the incoming 

water to rest and closing the delivery valve, thus completing 

the cycle. 

The operation of the hydraulic ram depends upon the successful 
creation and destruction of velocity in the supply pipe, The waste 
valve must close suddenly to enable kinetic energy to be utilised to 
a maximum. Theoretically, the pumping head remains constant during 
the operation. 

Advantages— 

a) No coal, oil or electricity is required as the motive power is the 

driving water. 

b) It requires no lubrication and no packings as there are no 

piston glands. 
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c) Maintenance expenses are low and almost no labour is required 

for supervision. 

d) Hydraulic rams can work continuously for 24 hours and thus 

give regular water supply. 

e) These can be adjusted to work with any quantity from their 

maximum clown to less than one-half and automatic adjust¬ 
ment is possible, 

/) It has high efficiency and quiet working. 

13.11 Some Hydraulic Ram Installations— 

i) Blake’s Hydram (Hydraulic Ram) manufactured by John Blake 
Ltd. England was installed at Taj Mahal, Agra in 1900 for raising water 
at the rate of 600,000 gallons per day (or 31*5 lit/sec) and working 
satisfactorily till now with very low maintenance cost, 

ii) Blake’s Hydram installed at Risalpur (Pakistan) in 1925 raises 
1,080,000 gallons of water per day (or 56*7 lit/sec) to a vertical height of 
60 ft (or 18*3 in) and to a horizontal distance of 5,000 ft (or 1,525 m). 

13.12 Hydraulic Ram Calculations— 

Let Q.— quantity of water wasted by ram, in cfs (or m 3 /sec) 

<?=quantity of water pumped by ram, in cfs (or m 3 /sec) 

A=elevation of service tank above waste valve, in ft (or m) 

H=* height of source above waste valve, in ft (or m) 

L=length of supply pipe from the source of supply to the 
waste valve, in ft (or m) 

jD=diameter of supply pipe, in ft (or m) 

H r =head loss in supply pipe, in ft (or m) 

Li 3 

head loss in delivery pipe, in ft (or ni) 

Size of the supply pipe should be so designed that the amount of 
liquid passing through per second is equal to three times the average 
quantity of liquid consumed by the ram. 

D=V l’63~((l+q) ft [or£>= m] ...(13,10) 

5 to 10 (h—H) ft [or L= 15 to 3 (Ji-H) m] ...(13.11) 

Length of the supply pipe* can also be determined as follows; 

L~c . h 

where the co-efficient c which is a function of H may be obtained from 
the following table. 
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TABLE 13 2 

Values of Pipe Length Co-efficient c 


i ) h < 100 ft (or 30 m) 



ft 

2 

4 

6 

8 

10 

H \ 

m , 

i 

0’61 

1-22 

T83 

2-44 

305 

c 


3 

2'65 

2-25 

1-85 

1-5 

it) A > 100 ft (or 30 m) 

H 

ft 

2 

4 

6 

8 

10 

m 

1 1 

0*61 

1-22 

1*83 

2-44 

3-05 

c 


3-5 

3‘0 

2-6 

2'25 

2'0 


Columbiana suggests the following values of lift and fall for 
maximum efficiency. 

TABLE 13.3 

Lift and Fall for Maximum Efficiency of Ram 


H 

m 

h 

m 

L 

m 

1 

6 

10 

1-5 

12 

12 

1 

2 

i 

15 

15 

3 

23 

23 

4 

30 

30 


H 

ft 

1 

h 

ft 

L 

ft 

3 

20 

30 

4 

30 

30 

5 

40 

40 

7 

50 

50 

8 

60 

60 

10 

80 

80 

■ 14 

100 

100 
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Volume of air chamber=Volume of delivery pipe 
Dynamic pressure on waste valve 

*=l-35x ~ 2g - -lb/sqft j^or 6'6 X kg/m 8 j ...(12.13) 

where w=Specific weight of liquid in Ib/cu ft (or kg/m 8 ) 

[/^Velocity of water past waste valve in ft/sec (or m/sec) 

Velocity of water t seconds after the opening of waste valve is 
given by*— 


zz* i 
1 ~e k 


ft/sec (or m/sec) ...(13,13) 


where a = cross-sectional area of supply pipe, 
and fl*=effective area of delivery valve 

—actual area X co-efficient of discharge 


The co-cfficient 


=v 


2ff -H 

/■l 


...(13.14) 


and mi . a -f. —jrris •••( 13 - 15 ) 

‘ ~ ' 

where /« frictional factor, 

/=length of pipe, i 
m«hydraulic mean radius 

for a pipe running full. 

The area of delivery valve4^., area of a port opening should be 
such that^the v maxirqup\velocity of flow is about 3*3 ft/sec (or 1 m/sec). 


Efficiency of ram is given by— 

<j{ h +H Ld ) 

Clark gives the following figures for efficiency 

TABLE 13.4 


.,(13*16) 


Ratio of lift to fall 


Efficiency v) in % 


(h) 


4 8 



72' 52 37 25 14 


*Hazra, L.F., Bulletin of the University of Wisconsin (1908) No. 205, p. 211. 
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Efficiency of ram is also expressed as— 

a) (Q-\-q)i r -( b y D’Aubuisson) «.(13.17) 

(This is same as Eqn 13.15 neglecting frictional losses) 

b) T] = q 'q jp- ...(by Rankine) ...(13.18) 

Practical Data for Ram—The lowest head under which a ram 
can work is two feet (or 0'6 m). The delivery head h should be six to 
twelve times the fall. 


Quantity of water delivered by the ram is about 
amount supplied depending upon the ratio of lift to fall. 

Roughly 


to of the 
... (13.19) 


Problem 13.4 A hydraulic 
particulars : 

Fall or supply head 
Length of supply pipe 
Diameter of supply pipe 
Lift of delivery head 
Length of delivery pipe 
Diameter of delivery pipe 
Time taken to pump 3 lb (or 
Water wasted during 33*8 sec 


ram installation gave the following 

H ***9 ft 10 in. (or 3 m) 

20 ft (or 6*1 m) 

1 m. (or 25*4 mm) 

/z=24 ft 7 in. (or 7*5 m) 

1^=24 ft 7 in. (or 7*5 m) 
in. (or 12*7 mm) 

1*36 kg) of water=33‘8 sec 
»13’5 lb (or 6.13 kg) 


Assuming a frictional factor 0*01, determine the efficiency of the 

ram. 


Solution 

Total quantity of water supplied by the reservoir 
= Cl+£— 13*5 + 3= 16*5 lb in 33*8 sec 
[or ■=6*13+ T36 = 7‘49 kg in 33*8 sec] 


38’8 X 62T -0 ’ 00782 CUSCC 


L° r 


7*49 


1 


33 * 8 ‘ X 1,000 -°' 22l><10 1 m V sc c 

Velocity of water flowing in supply pipe 


] 


p.= — J =—0j K)782 __ _ p 4 g 9 f t | sec 


d+g 


a, 


[ 


fx(n) 

or w ‘=o?§^W“ 0 ' 437 m/sec ] 


Water pumped *' 62 7 4 ' =(7 ’00142 cusec 
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[ 


0r q== 33* X 1,000'=° 402 x 10-4 m3 


‘/sec J 


Velocity of water flowing in delivery pipe 




0*00142 


a* 


t*Gs) 


2 —1*043 ft/sec 


[ 


0-402 XlO" 4 nolo , ' 

or n.-iot vTTiTai =0318 ml sec 


0-785 X0-0127 3 

Head lost in friction in supply pipe 

_4/L, B . 3 4X0-01X2 0 (1-439) 3 
H L, ~ D~ _1_ X 64-4 “ U dUy U 

12 

4x0-01x6-1 0-437* 


or H T 


X 19-62 ~°‘ 094 m 


L, 0 0254 
Head lost in friction in deliveiy pipe 
4x0-01x24-58 (1-043)* 


H 


L d 


]_ 

24 


X ' 6 - =0-398 ft 


„ 4x0-01x7-5 0 318* ... otc ' 

, or H L a ~~ 00127 X 19-62 -° 1216w 

q{h+H L ) 

. Efficiency of hydraulic ram V)=rpr-r- vt,?- a 


\(l + q){H-H L ) 


or rj = 


0 001 42 X (24 58 + 0 398) 47-5°/ Answer 

0 00782 X (9-834-0-309) U * 7 5 /o 

0-402 X10" 4 X (7-5+0-1216) „ mn , , 

1 0-221 Xl0-*X (3-0 094) _0475 or4 7 5/ 0 Answer. 


Problem 13.5 A hydraulic ram has a waste valve 4 in. in dia¬ 
meter which begins to close when the velocity of flow past the valve 
itself is 6 ft/sec. If the dynamic pressure on the valve per unit area is 

71 2 


1*35 


W . zr 


lb, find the necessary weight of valve. 


2(7 

Solution 

Diameter of waste valve base d t0 ^4 in. 


Area of waste valve base 


Dynamic pressure on the valve= 


a w ~ ~ x 4 s8 —12*56 sq in. 

u—6 ft/sec 
rt> = 62*4 lb/cu ft 
1*35 w . v 2 


2 g 
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Weight of valve 


1-3 5x62*4x 36 
” 144x64’4 

= 0 328 

^0*328 X 12*56 
= 4 12 lb Answer 


= 0 328 lb/sq in. 


Problem 13.6 A hydraulic ram with a supply pipe of 3 in. 
diameter has a waste valve of 4 in. diameter and lb weight. The 
length of supply pipe is 30 ft. The tiavel of the valve is | in. The num¬ 
ber of beats per minute is 110. Determine the discharge through the 
deliveiy pipe against a head of 20 ft ? Assume that there is no slip. 

{Jadavpur—1954) 

Solution 

D = 3in. /i=20 ft 

d w ~i in. Z,=30 ft 

Valve travel s=l in. tu=3^ lb 

Beats =110 per min 

Pressure requiiecl to close the waste valve 

__ total valve w eight 3 5 

area of base of wasie valve ““'ll: / 4 \ 3 

T x ( 12) 

=40’ 1 lb/sq ft 

• w . v 2 

Dynamic pressure on waste valve foi closing* = ~~ lb/sq ft 

(neglecting factor T35 in Eqn 13.12) 

where u=max velocity of water past waste valve just before 
closure 




or 




40*1 x 64*4 
62*4 


= 6*43 ft/sec 


Maximum velocity of watei in the supply pipe v 

t ^ 4 , area past waste valve 

= max velocity past waste valve X -;-r- 

area 01 supply pipe 

Now, area past waste valve=TC . d . s 


4 1 

~' nX 12 X 4X 12 


= 0-0218 sq ft 


Area of supply pipe 


fl ‘ = T x (^) 2;=0 ' 0491 sqft 

0*0218 


u=6'43x 


0*0491 


= 2*85 ft/sec 


Kinetic energy of water column in the supply pipe at the time of 
closing the waste valve=^ m . v 2 

(w.a.L). v 2 62*4x0 0491 x30x_ 2*85 2 _ u , 6 ]b ft 
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Neglecting slip, weight of water that could be lifted against a 

delivery head of 20 ft 

_-4J.-M.Ib 

This amount of water could be lifted for one beat of waste valve, 

Total amount of water lifted, or discharge 
= 110 X 0‘58 lb/min 

110 *0’58 A 

or - yq -= 6 38 gpm Answer 

UNSOLVED PROBLEMS 

13.1 What is a propeller pump ? Describe briefly such a pump with 
the help of a sketch. 

13.2 Describe with the help of a sketch a mixed flow pump. What is 
the range of specific speed for such a pump ? 

13.3 Can an axial flow pump be classified as a centrifugal pump ? 

13.4 Where would you employ a Kaplan pump ? What is the approxi¬ 
mate specific speed range for such a pump ? 

13.5 Explain the causes of cavitation in axial flow pumps, With the 
aid of a sketch and suitable symbols indicate the factors which 
influence cavitation and methods of reducing its effects. 

(AMI Meek E—April 1954) 

13.6 If a propeller pump delivers a discharge Q, against a head H when 
running at a speed N, deduce an expression for the speed of a 
geometrically-similar pump of such a size that, when working 
against unit head, it will transmit unit power to the water flowing 
through it, Show that this value is proportional to the specific 
speed of the pump. 

Explain why it is that, in general, the specific speed ofa 
propeller pump is greater than that ofa centrifugal pump. Then 
show that for stipulated conditions of head and discharge, a 
propeller pump is likely to be smaller than an equivalent 
centrifugal pump. 

(AMI Mech E-Oct 1959) 

13.7 What kind of pump will be preferred for irrigation purposes ? 

13.8 What do you know of the following ?— 

a) Hydraulic ram, b) Air lift pump, 

c) Jet pump, d) Pulsometer pump. 

(AMIE—Nov 1953) 

13.9 Enumerate the advantages and disadvantages of an air lift pump 
as compared with the usual reciprocating or centrifugal pump. 
Give a neat sketch of a good type of foot piece for an air-lift 
pump. 

Derive an expression for the theoretical volume of air required 
to pump one cu ft of water against a total head of h ft by means 
of air lift pump when ratio of isothermal expansion of air during 
this operation is r. 
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13.10 Describe a hydraulic ram with the help of a line diagram. 

C AMIE—May 1955) 

What are the sources of loss in such a machine ? Sketch 
curves to show how the efficiency depends upon the beat of the 
waste valve and the lift. 

In what circumstances would you make use of such a machine 
and why ? 

13.11 Four single stage axial flow pumps* manufactured by SULZER 
are working at RAINI Station (Ramganga River UP) each of 
them raises 18,700 gallons of water per min. against a head of 
15J ft and is to be driven by an AC motor running at 730 rpm. 
Assuming tip speed 2'1 \/2g H ; boss dia half the tip dia. Overall 
efficiency 80%, mechanical losses 3%, uniform axial flow velocity 
and no whirl or shock at inlet, find :— 

a) The diameter of the propeller, 

b) The mean whirl velocity after leaving the propeller. 

Draw the theoretical velocity diagrams at inlet and exit from the 
propeller blades at maximum radius. 

Find also the h.p. required to drive the pump and the rating 
of A.C. driving motor, [(a) 20^ in. ( b ) 7*75 ft/sec; 109 l 2 hp; 120 hpj 

(Jadavpur University 1957 — Final) 

13.12 In an axial-flow or propeller pump, the rotor has an outer 
diameter of 2*42 ft and an inner diameter of T30 ft i it revolves 
at 500 rpm. At the mean blade radius, the inlet blade angle is 
12 deg and the outlet blade angle is 15 deg. Sketch the corres¬ 
ponding velocity diagrams at inlet and outlet, and estimate from 
them (t) the head the pump will generate, («) the discharge or 
rate of flow in gal/min, (iii) the shaft h.p, input required to drive 
the pump, (iv) the specific speed of the purnp. 

Assume a manometric or hydraulic efficiency of 88% and a 
gross or overall efficiency of 81 %. 

(63 ft ; 8,860 gpm ; 209 HP ; 2,100. Note : Specific speed of 2,100 
for a propeller pump is veiy low.) [AMI Mech E (Lond) — Oct 1958 ] 


13.13 An air lift pumping plant is required to discharge 1,500 gpm 
against a static head of 220 ft. The rising main is 346 ft long. 

/ WHP \ 

The overall efficiency of the plant [i.e. " QQ m p re ~ ^, j is 0’32. 

Estimate the volume of air per minute (at atmospheric pressure) 
that must be handled by the air compressor of 0‘288 BHP is 
required to compress 1 cu ft of free air per minute to 150 lb 
per sq in. pressure. {Rajasthan University —1956) 


13,14 A ram is used to lift 50 gpm through 500 ft of 2\ in. pipe into a 
reservoir at a height of 80 ft above the ram, while drawing in 900 
gallons of water per minute from a supply tank 10 ft above. Deter¬ 
mine the efficiency. /—0'014. (62 J 28%) (Madras University—1954) 


13,15 Describe the principle of operation of the hydralic ram, and 
sketch graphs to show cyclical changes in pressure and velocity 
in the system. Discuss the limitations of this device, in relation 
to head and discharged 
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A particulai installation has a supply or drive pipe 23 ft long 
the supply head (above waste valve) is 8*7 ft, the delivery head 
(above waste valve) is 29 ft, and the waste valve closes when the 
velocity in the supply pipe is 8 ft/sec. If the discharge of useful 
water lifted is to be 18 gal/min, estimate : (z) the diameter of the 
supply pipe, ( ii ) the quantity of waste water per minute, (m) 
the number of beats per minute. A simplified solution will serve, 
neglecting pipe friction, etc. 

[AMI Mech E {Land)-Oct 195S] 

13.16 A ram working under a head of 15 ft (or 4‘575 m) pumps 30 
gallons of water per minute (or 2*27 Ht/sec) into a steel tank placed 
50 ft (or 15 25 in) above the jam. The amount of water used is 
180 gpm (or 13*6 lit/sec) Taking a loss of head in the delivery 
pipe as 4*5 ft (or 1*37 in) of water, calculate the Rankine’s 
efficiency of the ram. 

(52*6%) {Osmania University—1952 ; converted also to metric units) 

13.17 a) Explain with the help of a diagrammatic sketch how a hydraulic 

ram works and also show how the pressure and velocity under¬ 
go changes. 

b) The following particulars relate to a hydraulic ram instal¬ 
lations— 


Supply head 

Drive pipe length 

Drive pipe diameter 

Area past waste valve 

Head to close waste valve 

Delivery head above waste valve 


3 rn 
10 m 
6 cm 
36 cm 3 
0*5 m 
9 m 


Compute the quantities of useful and waste water in litres 
per minute and find the Rankine efficiency of the hydram. 

{Bombay University — 1957 ) 
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Testing of Hydraulic Machines 




CHAPTER 14 


HYDRAULIC MEASUREMENTS 

14.1 Hydiaulic Measurements. 

A. Water Measurements 

14.2 Water Measuiements 14.3 Dnect Weight Measurement 14.4 Cahbiated 
Tank 14.5 Travelling Screen 14.6 Venturimeter and Ventuii Hume 14.7 Pitot Tube 
14.8 Orifice, Nozzle oi Diaphragm 14.9 Pipe Bend 14.10 Rotameter 14.11 Quantity 
Meteis 14.12 Turbine Nozzle 14.13 Float—Suiface Float, Sub-Suiface Float, Rod 
Float 14.14 Weirs 14.15 Current Meters 1416 Salt Velocity Method oi Allen 
Method 14.17 Titiation or Chemical Method 14,18 Gibson Ineitia-Pressuie Method 
14 19 Theimometric and Thermodynamic Methods 14 20 Ultrasonic Flowmetei. 

B. Pressure Measurements 

14 21 Gauge and Absolute Piessuie 14.22 Units of Pressure 14,23 Instruments For 
Measurement of Pressure 14.24 Manometeis (Piezometer Tube, U-Tube Manometer, 
Single Column Manometer, Inclined Tube Manometer and Diffeiential Manometer) 
14.25 Piessuie Connections 14.26 Mechanical Gauges (Bourden Tube Gauge, Diaphiagm 
Pressure Gauge and Dead Weight Pressure Gauge) 14.27 Manometric Piston Gauge. 

C Level Measurements 

14.28 Measurement of Level or Height of Free Surfaces (Pointer Gauge, Hook 
Gauge and Floats) 


D. Speed Measurements 

14.29 Measurement of Speed (Revolution Indicator, Tachometer, RPM-Gounter, 
Electric Tachometer). 

14.1 Hydraulic Measurements—The term Hydraulic Measure¬ 
ments refers to the measurement of the following quantities required for 
the testing of water turbines and pumps : 

t) Quantity of water flowing per sec or Discharge—£) (cusecs or 
m^/scc) 

ii) Head —H (ft or m). 

In order to measure the discharge and head, the level of free sur¬ 
face of water has to be determined. This Chapter is devoted to the 
study of various methods of measuring discharge, head, water level and 
speed of the machine, the latter being used to find the brake horsepower. 
From the discharge and head obtained by the methods explained., avail¬ 
able hydraulic-power can be calculated. The brake horsepower is 
determined by any of the methods described in Chapter 15. The efficiency 
of a hydraulic machine is finally calculated from the available power and 
brake horsepower. 
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A. Water Measurements 

14,2 Introduction—The term Water Measuiement refers to the 
measurement of quantity of flowing water, generally known as discharge. 
All the methods except the first two, employed for water measurement* 
give the velocity of flowing water and the discharge is determined by 
multiplying the cioss-sectional area of the stream by the velocity 
obtained. The various methods of quantitative water measurements 
are enumerated hereunder : 

i) Direct Weight Measurement, 
it) Calibrated Tank, 

iii) Travelling Screen, 

iv) a) Venturimeter b) Venturi Flume, 

v) Pitot Tube, 

vt) Orifice, Nozzle or Diaphragm, 

vii) Pipe Bend, 

viii) Rotameter, 

ix) Quantity Meter, 

x) Turbine Nozzle, 

xi ) Floats, 

xn) Weirs, 

xiii) Current Meters, 

xiv) Allen Method or Salt Velocity Method, 

xv) Titration or Chemical Method, 

xvi) Gibson Method, 

xvii) Thermometric and Thermodynamic Method, 
xviii ) Ultrasonic Flowmeter. 

The methods {i) and (ii) are ‘Diiect Methods’ i.e. discharge can be 
directly measured by them. All other methods aie known as ‘Indirect 
Methods 5 which give the velocity of water. 

The methods (£) to {viii) of which only the first three are accurate, 
are employed in the laboratory. Method (ix) is only used for household 
purposes. The methods (*) to {xo) find wide application in practice, and 
(xvi) to {xviii) have been recently tried. 

Water measurement in closed conduits —Methods ( 2 ), ( 11 ), ( iva ), (v) to 
( x ) and (xvi) to (xviii). Water measurement in open channels or stuams — 
Methods (iii)> (ivb) } (xi) to (#£>). 

It may be noted that the methods are generally named after the 
principle, process or a part or whole of the apparatus employed. Some¬ 
times they are known after the names of the inventors. 

14.3 Direct Weight Measurement—Water discharging from the 
turbine or pump is received into a tank. For a specified period of time, 
not less than 100 seconds, the water is diverted to another special 
measuring tank by turning a swivelling elbow attached to the outlet of 
the discharge-pipe (See Fig 14.1). The quantity of water flowing in 
this time is determined by weighing the tank with and without the 
contents. Thus the rate of flow is known. 
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This is the most accurate method, chief advantage being that 
temperature has no influence on the accuracy. 



Fjg 14 1 Measuiement of Continuous Flow of Watci by Weighing 


14.4 Calibrated Tank — Discharge from the Hydraulic Machine 
is led into a tank which has been previously calibrated i.e. s the weight 
or volume of the contents is known as a function of the height of liquid 
inside the tank, The quantity of water flow in a specified time is 
obtained by measuring the difference in the height of water level produc¬ 
ed in the same period. 


Time is measured with a 
stop-watch and height with a 
piezometer tube, pointer gauge or 
a hook gauge (See Fig 14 2) 
Floats may be employed for large 
tanks. 

If the constant cross-sec¬ 
tional areas of tank and attached 
piezometer tube are A and a res¬ 
pectively and the level changes 
from hi to fe in time t then, 

q v _C4+a)(Ji 9 — hi) 

t ~~ t 

= - J 1 ...(14.1) 

This is the next most accu¬ 
rate method of water measurement 
provided the tanks are carefully 
calibrated by actual weighing, It 
is important that there should be 



Fig 14,2 Water Measurement by Calibrated 
Tank fitted with Piezometer Tube 
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no volumetric losses or additions during the process of measurements 
Cross-sectional area should be exactly maintained by preventing deforma¬ 
tion of tank sides. Water level should not fluctuate. 

14 5 Travelling Screen — In principle, this method consists of 
the measurement of the mean velocity of water flowing across a given 
cross-sectional area. Piactically, the apparatus consists of a metal 
screen mounted on rails on either side of a long straight uniform canal 
through which the discharged water is allowed to run (See Fig 14 3), 



Fig 14 3 Travelling Sciecn 

When the screen is lowered into water, it is carried along with the moving 
water at a constant speed equal to the mean velocity of flow if the flow 
is steady. This velocity can be measured either with an electric chrono¬ 
graph or by measuiing the actual distance travelled in a certain time 
period, 

The clearance between screen and sides of canal is, generally, very 
small : S—tfV to (or 2 to 5 mm). The rate of discharge is given by 

Qj^ds+Ad 

where Q screen . H . v (See Fig 14.3) 

and A 0/=*Water escaping through clearance. 

The obvious disadvantage is the high cost of installation of screen 
and construction of a suitable canal not less than 50 ft (or about 20 m) 
long. But the method is accurate, quick and easy. 

14.6 a) Venturimeter is employed to determine the rate of 
flow in pipes of practically all diameters. It was invented by Clemens 



Herschel in 1887 and was named in the honour of G. B. Venturi, an 
Italian philosopher on account of his achievements in hydraulic research 
in connection with this meter. In its usual form the Venturimeter consists 
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of two truncated conical pipes connected together by a thioat as shovtn 
in Fig 14 4 The meter is generally inserted m the pipe lme m its 
horizontal position. The diameter of the laiger ends of the fiusiia being 
equal to that of the pipe. A U-shaped mercury manometer is used to 
measure the difference of pressure between the main and the throat 

Applying Bernoulli’s Theorem between main and thioat (See 
Fig 14.4), 




Eg 2 "Pi 2 

2 g 


Measured difference of piessure between main and throat, 

hzJ >2 = ?,~ = v J*i {AY 1 } El f A 2 -a 3 \ 
w 2 g{\ a J ) 2(7 A a* J 

where A and a are the cioss-sectional aieas of mam and thioat respec¬ 
tively. 


or 



a 


2 


Theoretically, 

Q t/i =A . . y/ 2 gh 

and accounting for losses, the actual discharge 


Qj=c . - L a -_ . V2 gh 

* V A*-a 1 


...(14.2) 


where 


(7= co-efficient of discharge or generally known as meter’s 
co-efficient. 


The co-efficient C varies with the size of Venturitube and the 
Reynolds 5 number. The following table gives the approximate, values 
of co-efficient C, when the pressure difference between main and thioat 
or the Reynolds 5 number at the throat is known, 


TABLE 14.1 


Values of Co-efficient C 


h 

ft of water 

_ 

18 

6 

2 

m of water 

— 

6 

2 

0 66 


R. 

10* 

10 5 

10* 

10 7 


c 

0 95 

0-975 

0'985 

0 99 


In Fig 14.4, a=2‘5° to 6°, /3«10°, l~6 D 

In order to avoid the loss of head resulting from vortices and eddy 
currents due to boundary layer formation, the angle of divergence a is 
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kept small. The ratio of contraction is also limited to about 2. The 

increase in throat velocity with the reduction in d causes a decrease 
in throat pressure. If it falls below 8 ft (or 2‘44m) of water absolute, 
dissolved gases separate and vapour is formed, thereby, causing a 
discontinuity of flow. 


The Venturimeter can be used for a vertical or inclined pipe. 
Eqn 14.2 will hold good in such cases too as the energy equation will 
then be— 


v /_r°JL Pi— Pi 

'2 g~' m w ' 


+(zi~Zz )—A 


where /j ““differential manometer reading. 


b) Venturiflume—The venturi principle can be used to determine 
the flow in an open channel. The width of the channel is narrowed 
down from B to b (Fig 14.5), H and h indicate the heights of the flowing 
water at the normal and restricted sections respectively. If V and v 
be the velocities of water at the above two sections, then the discharge 
through the channel is given by 

Q~(B . H) . V=(b . h).v 


r: h z 











Fig 14.5 Venturiflume 

Applying Bernoulli’s Theorem between the main and the restricted 
section. 


V 2 v* 

H+ ir- h+ 2f 

the pressure difference, 
v^-V 2 v z 


(■ H-h )■ 


2 g 2 g 


4)‘-! 


Hence 


Q=A . V=~ 


A . a 


V A*-a? 


s/2g (H-h) 


...(14,3) 


A particular precaution is necessary. Width of the throat should 
be such that depth of water is always more than critical so that a standing 
wave may not be formed. 

14.7 Pitot Tube—The tube invented by a French Scientist Henry 
Pitot in 1732, is L-shaped glass tube as shown in Fig 14.6 (a). When 
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the tube is immersed in flowing water, the rise of water in the tube will 
be proportional to the square of velocity of stream. This can be proved 
by applying Bernoulli’s Theorem between point 1 and point 2. Point 1 
is to be taken on the centre line of the nose of the tube and at some 
distance from it. The water at this place has got a velocity of v. Point 2 
lies immediately at the nose of the tube where the water is assumed to be 
at rest. This point is known as stagnation point. 



considerable opening of tube. 

V _ » r f* g gg555SBS55 a 

v gsgg ^ ^ ? 


Fig 14.6 (a) Simple Pitot Tube 



Fig 14.6 (b) Pitot Tube with one end normal 
and the other end parallel to the flow 


or 


or 


-h1 + Pl +Zi=0+ Pi + z . 

2g + w ™ w ™ 

a 2 Pl~Pl _L 


2 g w 
»=V 2 gh 


...(14.4) 


The difference of pressure between points 1 and 2 is therefore, 

Pa—Pi 


w 


'2 g 


or = -|~ P • v 2 ...(14.5) 

If the Pitot tube is used to measure the velocity of stream, there 
must be some device to separate the two pressures pi and p % . This is 
difficult to And out accurately by a single tube shown in Fig 14.6 (a). 


The method employed to have accurate result is to connect another 
tube, the opening of which is normal to the direction of the velocity, 
shpwn in Fig 14.6 ( b ). The water will be drawn in the second tube by 
means of suction, If, now, the two tubes are connected by an inverted 
U-tube manometer, the difference of heights h, used in Equation 14.6 
will yield accurate results to determine v. 


In practice 
where 


2 gh 

Pitot tube co-efficient 


...(14.6) 
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The value of is about 0*95 to 0‘98. However by using the method 
shown in Fig 14.6 (b) the value of ^ becomes nearer to unity. 

The value of will differ according to the shape of the nose of 
L-tube and the position of the second tube opening with reference to the 
nose and the stem. Prandtl tube which is a modification of Pitot tube 
has unity co-efficient <£. This is accomplished by balancing the reduced 
pressure caused by the flow past the nose, to the increased pressure due 
to the presence of stem. Fig 14.7(a) shows such a design. It consists 
of an inner tube (diameter about inch or about 3 mm) which leads to 



Fig 14 7 (a) Pitot Tube of Fig 14.7 (b) Section of Piandtl Tube 

Prandtl Design at a Distance of 3d fiom the Nose. 

connection a and an outer casing having openings normal to the direc¬ 
tion of flow. These openings are provided at a distance of 3 d from the 
nose and lead to connection b. The section taken at a place of opening 
is shown in Fig 14.7(4). The connections a and b are meant for fixing a 
U-tube manometer by a rubber tubing. 

The Pitot tube can be used in an open channel as well as in a 
closed pipe. As the velocity in the closed pipe is not the same at all 
points of cross-section, an average of a few readings at different points 
is determined, For rough and ready flow approximations, a single Pitot 
tube reading can be taken in the centre of the pipe which would be the 
maximum velocity of flow* The mean velocity of flow will then be 
equal to approximately 0 84 of the maximum velocity. But for very 
accurate work and where flow is more turbulent, traversing of pipe is 
done which is explained below, 


Pitot Tube Traversing in 


to ascertain the pipe factor 



Pipes—Pitot tube traversing is used 
of flow in pipes, where v m is the 


mean velocity along a cross-section of the pipe and v e is the velocity at 
the centre. The pitot tube is inserted into the pipe and readings of the 
impact heads taken at various points to be ascertained as explained below. 
A graph is drawn between the impact bend and the distance of the pitot- 
tube mouth from the wall of the pipe, a smooth curve being drawn 
through the test points as shown in Fig 14.8. A circle is then drawn, the 
diameter of which corresponds to that of the pipe and this circle is 
divided into a convenient number of rings, each of equal area, and from 
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the test curve the impact pressure is obtained at the centre of area of 
each annular ring. From these values the corresponding square roots of 
the impact pressures are found and their average taken which is propor¬ 
tional to v m . Denoting the average value of the square roots of the 



H (in ft), Deflection of Indicating Liquid (S G.= 1*595) 

Fig 14.8 Pitot Tube (or Pitot Meter) Tiaveising, fiom the Biitish 
Pitotmetei Go. Ltd. 

impact heads by and the square root of the impact head at the 

centre by V H c , 



-( 14 . 7 ) 

where <£ = Instrument co-efficient 

Difference between the levels of liquid in the limbs 
of the manometer 

and x =Specific gravity of the indicating liquid. 

The discharge can be measured by multiplying v m by the area of cross- 
section. 

In practice it is not necessary to draw a circle with concentric rings 
and then find the centres of areas of these rings, since the required 
points can be obtained mathematically. The radii of the circles giving 
these points are given by 
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A / 2n—1 a / 2n—3 

/y ' ' » Y —2« ‘ ’ and so 011 •■■(14.8) 

where r is the mean pipe radius and n is the number of rings. 


The graph in Fig 14.8 has been plotted for a pipe 3*15 ft (or 0 96 m) 
in radius. The pipe factor is computed as below : 


Point 

Number 

1 

! 2 

3 

4 

1 

1 5 

6 

7 

1 

l 8 

1 9 

i 

10 

H 

0*405 

0-605 

0*700 

0*780 

0*850 

! 0-915 

1 

0-975 

1 1*040 

1 

J 1-090 

, 1-155 


0 636 

' 0-778 

1 1 

0-837 

0*883 

0*922 

1 

| 0*957 

0-987 

i 

1*020 

1*041 

! 1-074 


10 

9 

1 8 

' 7 

6 

5 

1 

4 f 

3 

2 

1 


1*155 ( 

1*110 

1*065 

1*010 

0*960 

0 905 

0*845 

1 

i 

0*770 | 

0-660 

0-460 


1 074 j 

1*054 

1*032 

1*005 ! 

! 

0*980 

0*951 

0-919 

0*877 1 

i 

0*812 

__ 

! 0*678 


Mean VH = 0'926 

Centre VF^l'0816 


Vjn 


0‘926 

1-0816 


=0-856 


Now v—<f)\/2g . H(x— 1) 

where $ = Instrument co-efficient (0 98) 


//^Deflection of indicating liquid in ft (1*17 at 
centre) 

X— Specific gravity of indicating liquid (1*595) 
y a =0 98 v / 2x32*2XTI7 (1*595-1) 


= 6*567 ft/sec 


But —=0-856 

«c 


o m =6-567x 0-856 
= 5*62 ft/sec 


14.8 Orifice, Nozzle or Diaphragm— An orifice is a sharp-edged 
hole in a thin plate. The hole is of smaller diameter (max 80%) than 
that of pipe line where it would be inserted between two flanges. Care 
should be taken that the orifice is fitted concentrically to the pipe. 
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A number of orifices having different 
hole diameters can be made and be 
used to measure the discharge of 
different rates. The approach to the 
orifice must be straight for a distance of 
atleast five times the pipe diameter. 
Piezometer holes of about r \ inch, 
(or 5 mm) diameter, as shown in Fig 
14.9 are located, one at a distance 
equal to the pipe diameter upstream 
from orifice and the other approximately 
half the pipe diameter down-stream. 

Applying Bernoulli's Theorem bet¬ 
ween points 1 and 2, 



h-< v _L = Pj_+^ 

w *~2g w ‘ 2<7 

. k= P^_h. == J? l - v j 

w w 2 g 

But from equation of continuity, 


&=% . v L >=a a . vt, etc 


a<>. Vi 




a£\ J_ of / . P 8 8 ( . _(dt ) 

«i*/ ‘ 2 g 2g\ a?) 2g( \d l ) ) 


2 gh 




2 gk 


and 


d =as . . /sj j l-(4;-) 4 j 


A co-efficient C may be introduced to account for the loss of head 
due to the orifice then, 


12 2 gh 


...(14,9) 


C is a function of Reynolds 5 number and ratio —. The following 
table gives the values of co-efficient C and the expression /\J 1 


for different values of ratio 


di 
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TABLE 14.2 


dj_ 

di 


V ‘-ar 

0’25 

0 604 

0-998 

0-30 

0-605 

0*995 

0'35 

0 606 

0 993 

0-40 

0*606 

0'987 

0‘50 

0*607 

0-967 

0 60 

0*608 

0-933 

0 70 

0 611 

0 872 

0-80 

0 643 

0 767 

0 90 

_i 

0*710 

0 586 


Normally, 


0 6 and ratio 




A nozzle is a 
special type of orifice 
with rounded edges on 
the upstream side as 
shown in Fig 14.10. 
The curvature of the 
nozzle is a quadrant 
of an ellipse whose 
construction is shown 
in Fig 14.10. 


j 

case of an orifice, the velocity at point 2 is given by 

„,-c.. Vt ?" 4 


11*8 
points 


Applying Bernoul- 
Theorem between 
1 and 2 as in 


Gf) 


...(14.10) 


where C„ is the co-efficient of velocity. 


and Q~~T~ 1 

The following table gives some approximate values of C„ obtained 
by John R, Freeman with cold water in the year 1890. 

TABLE 14.3 


' d t 

G v 

inches s m m 

1- 75 44-4 . 0-467 

2 00 50 8 0-533 

2- 50 63 5 0-667 

| i 

0*995 

0*997 

0*994 
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Problem 14.1 In a flowmeter water is flowing at a tempeiature 
of 68°F. The manometer fluid is bromoform, having a specific weight 
of 168 0 lb/cu ft. The diameter of the pipe is 6*085 inches and the 
diameter of the orifice is 3*625 inches. If the deflection of the manometer 
fluid is 30 inches, what is the rate of flow ? 

Solution 

Ratio ^- = ^'^-=0 593 
d 3 6 085 

1Ya . r A p i 30 /168-62 4 \ . nir r 

Difference of pressuie, - ) =4*2 4 ft of watei 

w 12 V 62*4 / 


At 68°F } density of watei =1 91 slugs Tt 3 

and co-efficient of viscosity=2*1 X 10” 5 lb sec/sq ft. 




V 2 gk 


l;94x3 625 X 10 5 
2'1 x 12 
= 640,000 


X \/64*4 x V4 24 


(7=0 653 for above R e , 


Q = C . ~*d 2 2 . V 2gh =0-653xl-182 

4 

— 0 772 cu ft/sec Answer 


14.9 Pipe Bend —An ordinary pipe bend can 
be used to measure the flow of liquid. It can be 
shown that the net effect of the variation of velocity 
and centrifugal action is to create a pressure differ¬ 
ence between the outside and the inside of the bend. 
If this pressure difference h is experimentally measur¬ 
ed (Fig 14 11), it can be found that the rate of flow 
through the pipe, 

d=f(h) 

ThuS 1 the value of Q for any h may be obtained 
from a calibration curve. 

Further, it can be deduced from theoretical 
considerations that, 



Fig 11,11 Pipe Bend 


Q=C a , V 2gh • -—== -r 
V R . r 


R- Vi? 8 — r a 


.(14.11) 


where, C d = co-efficient of discharge to account for loss of head in 
bend. 

A=measured difference of pressure (Fig 14.11), 

R =mean radius of bend, 

/ = inside radius of pipe. 
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This equation is derived, for horizontal bend, 



Tig 14.12 Detcimmation of Dischaige Foimula 
foi Pipe Horizontal Bend 


as follows— 

Consider a small stream 
tube as shown in Fig 14.12, 

w ^"2 g w g 

„ dp _ 2v . dv v , dv 

w ”"" ~g~ 

...( 1 ) 

Consider the equilibrium 
of a small element of stream 
tube 

Area X Pressure=Gentrifugal 
force 


From (1) and (2) 

dp v . dv v 2, . dx 

w ~~ g ~~g(R+x) 

dv _ dx 

v ~ R + x 

log D=log + const 


or-= 


v(R +#) =const or 


R+x 


(3) 


or 


From (2) and (3) 
dp C* 

’ -JT-p+iP * 

g. k=- 


C=V2gh 


r 1 i 

+ r __C 2 

r 1 1 ] 

L(A + x) a J 

-r 2 1 

i(R-r) 2 (^+?) 2 J 


C ‘ 2 


4R r 

2 ‘(/J a -r*) 8 ' 


R 2 —r 3 


2\f R r 

Now consider an annular ring (Fig 14,12) 
area=2rr x . dx 


Mean velocity = 


V*fr 


X 


ifQ,= VelX Area = 

qVR 


R—x V R 8 —,v 2 
C 


2vx , dx 


VR 2 -x* 

a=0 • 21 / „v5=? • *" c • 21 ' [- vm=? J !l 
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Qj=C . 2r- . | VR* — V R--r 2 

= V2 gh.— - .- ■■■ . 2tt . i R- v 'R*~r* 

* vR. i ( 

— 7? 2 — r 2 f — 

Practically, , \/ 2(/A ,-;—=- . tt . } R— \SR 2 —r 2 

V R • r t 

14.10 Rotameter —A rotameter is a device to find the velocity 
flow in a pipe with the aid of a rotating free float. It is essentially 
an oiifice meter with fixed pressuie drop and variable orifice area. 

Fluid is allowed to flow vertically upward 
through a transparent tapered tube placed 
vertically with the large end at the top (Fig 
14.13). The float is freely suspended inside the 
tube. The maximum diameter of float is 
slightly less than the minimum bore of the 
tube. When there is no flow, float rests at the 
bottom. But when fluid has some velocity float 
rises upwaids to make way for the fluid motion. 

Rise of float is a function of the velocity of flow 
and the tube can be graduated in gpm (or 
lit/sec). 

The float is provided with slantwise slots 
to enable it to occupy a stable position at the 14 * 13 Rotanietcr 

centre of the tube, by virtue of gyroscopic equilibrium. This prevents 
rubbing and sticking of the float to the tube. 

From the velocity of flow, rate of flow can be easily determined, 

14 II Quantity Meters which directly measure the volume of 
liquid passing through them are usually employed for closed pipes. 

Actual designs of the meters which are commercial gadgets, are 
patents of manufacturers, In general, these are of two types : 




Fig 14,14 Kent's Watermeter { Torent J Helical Rotor-Tvpi 






454 


HYDRAULIC MACHINES 


a) Rotary Type—Its action is like that of a propeller. When the 

water Hows across the meter, propeller rotates opeiating a series of 
gears. Volume of liquid in gallons (or litres) can be directly read from 
it. The meters of this type are mostly employed in practice (See Fig 
14,14). 5 

b) Positive Type—It consists of a piston which fits closely against 
the walls of a measuring chamber fitted in the meter. The piston is 
pushed forward by the flowing water and its movement is connected to a 
series of gears which further connect to pointers on the dial graduated in 
gallons (or litres) and its ft action. At the end of each stroke the piston 
actuates the valve through the medium of rocker arm and so reverses 
the flow. 

14.12 Turbine Nozzle (See Ait 6.11)—Nozzles are employed in 
impulse turbines such as the Pelton turbine, to direct the jet to the buckets 
of the runner. If the nozzle is standard, the rate of flow £) can be 
directly obtained provided percentage opening of nozzle is known. 

The curve showing the variation of Q with the spear tiavel is 
supplied with the nozzle, 

14 13 Float—This is the oldest and the simplest method to find 
the surface velocity of water. Time required by a float to traverse a 
known distance is noted by the help of a stop watch. Velocity of float 
will then be taken to be the surface velocity of water. This method is 
best suited when the river is free from weeds. 

Float 


Surface Float Sub-Surface Float Rod Float 


a) Surface Float—Any object which can float having its centre of 
gravity near the surface of water is employed for the purpose e.g, empty 
bottle, empty tin, cork washers, wooden circular disc etc. The float must 
travel in a straight line as far as possible. The surface float gives the 
surface velocity of water. Divide the width of river into a number of 
segments and determine the surface velocity of each segment. Calculate 
the mean surface velocity and then the mean velocity of flow by the 
following emperical relation 



...(14.12) 


where v =mean velocity 

y fl =mean surface velocity 
C=Chezy , s constant 



Fig 14,15 Sub-Suiface Float 


/>) Sub-Surface Floats (Fjg 14.15)— 
In case of heavy wind the surface float 
will not give accurate results. Sub¬ 
surface floats are, then, recommended. 
It consists of a double float—a totally 
submerged and a pai tially submerged, 
both of spherical form, connected with 
each other by a wire. The bottom float 
which is totally submerged, should be 
heavier than water and comparatively 



hydraulic measurements 


455 


laige in size. Its purpose is to keep the wile taut without drawing down 
the upper float which is partially submerged. The bottom float should 
float at about 0 6 of the mean depth of river. 

c) Rod Float (Fig 14 16)—It consists of a wooden pole or hollow 
cylinder made from tin sheet, weighted at bottom end, so that it floats 
in an upright position with its unweighted end 
emerging out of free water surface. The length 
of rod float should be such so that it reaches 
the bottom of stream without touching the 
sand, mud or weeds at the river bed. 

Rod float gives the mean vertical velocity 
of river section. The following empirical 
relation was deduced by Francis* for the 
determination of mean velocity of flow. 

»=£-,(i'Oi2-o-ii6/y ^-) 

where z;=-mean velocity of flow on the vertical plane in which 

the float moves 

r, = mean velocity of rod float 

d=depth of water 

^'=distance fiom the bottom of float to the bed of channel 
and d'^\d 

This method is suited for a discharge upto about 2,000 cfs (or about 
60m s /sec). It is not suitable for large rivers or for a turbulent stream. 
For a stream having excessively turbulent flow, titration method 
(Art 14.17) is employed. 

14.14 Weir—Water in open channels is measured through weiis. 
In design, the weir is a dam over which the water flows. The weirs may 
be classified in the following principal groups— 

i) Rectangular Weir— 

a) without end-contractions (See Fig 14.17), 

and b) with end-contractions (See Fig 14.18), 

ii) Triangular weir or V—Notch (See Fig 14.19), 

Hi) Trapezoidal Weir (See Fig 14.20) or any other special type such 
as compound weir. 

Measurement of head to determine the velocity and the capacity of 
flow over the weir must be accurately made at some distance shown in 
big 14.17. The common method of head measurement on a weir is by a 
pointer or hook gauge. In practice pointer or hook gauge is lowered 
until it is in level with the top of the weir, generally, known as weir crest . 
This furnishes the point of zero reading. The pointer gauge is, then, 
raised until its pointer touches the surface of flow. This differential 
reading establishes the actual head for the rectangular weir. 

As far as possible, a rectangular weir without end-contractions 
should be used in preference to any other type, because this has the 

*Francis JJ3. 5t Lowell Hychaulic Expenments^ 4lh Ed. D, Van Nostrand Co Inc, 
New Yoik, 1883. 



Fig 11 16 Rod Float 

...(14.13) 
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soundest expeiimental basis and gives most dependable lesults. Weir 
with end contractions is used where the walls of the channel are not 
built perpendicular to the flow. Tiiangular weir or V-notch should be 
employed for a small rate of flow. It is prefeired over lectangular weir 
because the discharge in this case is independent of wetted surface, as 
dec h and not L . It as in case of rectangular weir. The combination 
of weir with end contractions and V-notch results in a trapezoidal weir. 
The Cippoletti weir which is of trapezoidal form is mostly used in practice 
because it has an advantage to compensate foi the reduction due to end 
contractions in a rectangular weir of the same crest length. It has a 
slope of 1 : 4, hoiizontal to vertical. 

The following points should be consideied while installing a 
rectangular weir— 

0 The measuring canal upstream of the weii should run straight 
for a distance at least twenty times the maximum head above the crest; 

u) The measuiing canal should have a constant cross-section with 
parallel vertical smooth walls and a smooth horizontal bottom. 


HG PG 



METAL PLATE 



CONCRET! 



Fig 14.20 Tiapezoidal Weir of Cippoletti Design 
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tit) The water how upstream of the weir should be as calm and 
regular as possible* If necessary, stilling devices such as racks, baffles 
etc. should be piovided. 

iv) The actual crest of the weir should be made of rust pioof metal, 
brass or stainless steel and should have an accurately finished sharp edge 
(See Fig 14.17). Edge should be bevelled to 45° and must be inch to 
| inch (or 1 to 3 mm) thick. 

v) The weir should be placed perpendicular to the canal walls and 
bottom. Its upstream face should be absolutely smooth and even. A 
drain opening at the foot of the weir is recommended. 

m) To have perfect discharge, the weir should be so arranged that 
even under the highest head above the crest, a perfect overflow is 
obtained the height S x of the crest above the downstieam level should 
be sufficient to ensure that the nape is completely free on the underside, 
with atmospheric pressure prevailing there. 

itit) In order that the pi assure under the nape is equal to that above 
it u. 3 atmospheric pressure, ventilation holes are provided on the under¬ 
side of nape. 

Cross-sectional area of ventilation holes is equal to about O'5 percent 
of (B . Si). Generally two 1 in. (or about 25 mm) dia pipes are sufficient 
for dischaiges upto 3 cusecs (or 85 lit/sec). 

inn) Canal on the downstream side of weir, like the upstream canal, 
should have a uniform width and cross-section. 

ix) For a rectangular weir with end-contraction (See Fig 14.18) 

0-3<4-^0 8 

n 

x) It should be calibrated with other accurate methods. 

Practical Data : 

With reference to Fig 14.17, 

ft=height above crest, generally, h= 1 to 32 in. (or 25 to 800mm) 
j , =height of weir or weir board ^ 1 ft (or 0’3 m) 

H=k-{-s — depth of water on upstream side of weir, 
iS^height of drop on downstream side of weir, 

1 ft (or 0-3 m) < S x <, 

1 = distance of pointer gauge ( PG ) or hook gauge (HG) from 
the weir edge, 

6 Arnaa ^ ^ 5 ^ fhnaa 
PG stands for pointer gauge 
HG stands for hook gauge 
V stands for Ventilation hole or duct 
D stands for drain opening. 

Calculation of discharge— 

If Discharge in cusecs or m 3 /sec 
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5 = Width of weir crest in ft or m 
A=height of water level above weir crest in ft or m 
v 0 = velocity of approach in ft/sec or m/sec 
^^gravitational acceleration in ft/sec 3 or m/sec 2 
C rf = co-efficient of discharge —0‘6 


then, 

The following formulae are employed in practice to find the dis¬ 
charge over different types of weirs. The velocity of approach is neglect¬ 
ed in these formulae. In case the velocity of approach is taken into 


account, the value of h? is replaced by 




a) Rectangular weir without end-contractions — 


d=l . C d . V2g.B . AT ...(14.14) 

b) Rectangular weir with end-contractions (Francis Formula)— 

0 Feet Units — 

(1 = 3-33 . (fl-0 1 n . h) ifi ...(14.15) 

where « = number of ends contracted 

and 3’33=§ . G d . V2 g taking C d =0’623 

*0 Metric Units — 

Qr=l ‘84 (B-0 1 n . h) h * .. (14*15a) 

where T84 = | . C a . g taking C d = 0 623 

c) 90° V-Notch 
i) Feet Units — 

Q,-2'53.^ ...(14.16) 

taking C d =0’593 

it) Metric Units — 

Q = T4A* ...(14.16a) 

taking Ca^O'593 

d) Cippoletti weir or trapezoidal type— 

*) Feet Units — 

d=3'33B ...(14.17) 

derived from Francis formula (Eqn 14.15) by neglecting the term 

01 n . A 

it) Metric Units — 

& = l-84£ . $ ...(14.17a) 

Emperical Formulae for rectangular weirs— 
a) Bazin Formula— 
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i) Feet Units — 


/ 0 00984 \ — s 

Q, = (0’405 +- - h - jV2g . B. h? 

.. (14.18) 

it) Metric Units — 


d = (0‘i05+-~-)^/2f- B . hi 

.. (14.18a) 

b) Rehbock Formula— 
f) Feet Units — 


=(3-227+0-435 +) . B . hj 

.. (14.19) 

where A«=A+0*0034 ft 

ff) Metric Units — 


Q,= ( 3-227+0 435+) . B . h? 

...(14.19a) 


where Ae*=A+0'0011 m 

c ) Society of Swiss Engineers and Architects Equation 
f) Feet Units — 

a-4 V r. * . x 0-615 ( 1 + 3 -^.g) X 

j'+o-’hrr)’! -(*«») 


(for rectangular weir without end-contractions) 


£= -±- V '2 ff .B. ^tO'578 + 0‘037 


B\*, 3615 ~ 3 (x)j 
3 05 A+1-6 j 


x! 1+0 - 5 (t) 4 (-aT7) J J •••<“■»■> 


(for rectangular weir with end-contractions) 
if) Metric Units — 

Replace the value of 3 05 A by A and use the above formulae 
(Eqn 14.20 and 14.20 a) 

Problem 14.2 In a given waterfall the quantity of water was 
measured by a rectangular notch above the fall. The notch had a length 
of 12 ft (or 3*66 m) and the mean head over the notch was measured as 
20 in, (or 0’508 m). The velocity of approach at the point where the 
head was measured, was 2 miles per hour (or 3*22 km per hour). 
Compute the discharge in gpm (or m 3 / sec). Take C rf =0*6. 

Solution 

L= 12 ft (or 3*66 m) 

//-fh 1-67 ft (« 0'508 m) 

o *1 1 . 2x 1760x3 XJt# 

v 0 =2 miles per hour—- 60x6 0— / scc 

=2*93 ft/sec 
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or J 7 0 = 


3 22 X 1,000 


<1,000 . \ 

— ’ =0 894 m/sec) 

x 60 / 


v 2 2 93 2 

Head due to velocity of approach, rr =£ 4 4 - = ° 13 ft 

(- 

Discharge Q~^-. C d \?2g L. j “(^r) j 

= §x0'6x8'02x 12 x{(l 67+0‘13)*-(0 13)3} 
=§x 0'6 x 8 02 x 12X2 363 
= 91 2 cu ft/sec 

or Q=—- X6 ^4*i°=34,100 gpm Answer 
j^or Q= | X 0-6 X 4 43 X 3 66 X {(0 508+0'0408) » - (0 0408) *} 
=2 32 m 3 /sec ylnjwer J 



Tig 14 21 Towing of CunenL Metci m Still 
Water 


14 15 Current Meters— 

Principle—Current meter 
is a miniature reaction turbine. 
When placed in a stream of 
moving water it rotates with a 
speed which is a function of the 
velocity of flow at that point 
(centre of meter shaft to be more 
precise). It can be calibrated by 
observing its rpm, when moving 



Fig 14 22 Piopellcr Type Cuuent Melei 
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with a carriage mounted on tails, across still water at known velocities 
(See Fjg 14 21), Then it can be used to measure velocities of flow at 
different points in a stream, Once the velocities at several points in a 
cioss-section aie kno^n, calculation of discharge is a simple mathematical 
or graphical problem. 

Types —Cui rent meteis are, generally, of two types, differing only 
in construction 

a) Propeller Type or Screw Type (Fig 14 22)—A shaft parallel 
to the direction of flow carries a number of vanes or propeller blades. 
The shaft is capable of rotating in bearings fixed to a stationary frame. 

b ) Cup Type (Fig 14.23)—A 
shaft normal to the diiection of flow 
and carrying a number of cups 
around its peripheiy, is allowed to 
rotate on bearings fixed to a frame. 

Propeller type is more sensitive 
than cup type because it gives a 
higher rpm for the same velocity 
of flow. 

The meters are usually named 
after the firms manufacturing them. 

Propeller type current-meter is manu¬ 
factured by Olt (Kempten, West 
Germany), Amsler (Schaffhausen, 

Switzerland), Stoppany (Berne, 

Switzeiland) in Europe ; by Maskell 
and Moff m U K. and by the Fteley- 
Stearns in USA. Cup type cuirent meters are mostly manufactured in 
USA by Gurley or Price. 

Measurement of Speed—Metei is submerged under water and 
motion of water m the stieam actuates it, driving the rotary elements at 
a speed proportional to the velocity of flow. Bearing friction should be 
eliminated and the bearings in which the spindle carrying cups revolves, 
should be watertight Upper end of the bearing spindle extends above 
the bearing into an airtight chamber containing an arrangement of 
electrical contacts closed by a cam or eccentric device. In the propeller 
type, a commutator or eccentric arrangement fixed to the shaft carrying 
the blades makes and breaks an electric circuit. 



Tig 14.23 Cup Type Cm lent Metei 


The number of such makes and breaks depends on the rpm of the 
shaft. A dry cell of 4-volts and a bell or a buzzer constitute the rest of 
the ciicuit. By counting the number of beats in a known time, noted 
by a stopwatch, the rpm can be calculated. Then the velocity can 
be determined from the calibration cuive. 

When a number of current meters are working simultaneously, in¬ 
dividual counting is not possible and an automatic recorder is necessary. 
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Arrangement geneially employed consists of a tape chronograph and a 
chionometer. (A chronograph is a device for recording events and 
correlating them with time base. It comprises a strip chan and drive, 
a timing pen for marking equal inciements of time on the chart and a 
number of recording style which record isolated events or the duration 
of operations on the same chart). A paper strip is continually fed to a 
chionograph at a constant speed by means of clockwork and chronometer. 
After a certain numbei of revolutions a signal is received energising a 
coil wound on an electromagnet which deflects a pen marking a stroke 
on the paper strip. Time is printed on the paper and by counting the 
number of strokes in a known interval rpm can be reckoned. 


Experimental Details—Current meters are used to measure the 
quantity of flow in channels, rivers or large pipes e.g. water turbine 
penstocks, The velocity across a large section of a stream is by no means 
uniform. To get a mean velocity a number of gauging points have to be 
chosen. The following empirical relation may be used for this purpose. 

(14.21) 

wheie, £= 110 . of gauging points required, 



Fig 14.24 Horizontal Placing of 
Cunent Meters L 



current 

meters 


Fig 14.25 Vertical Placing of 
Cunent Meteis 


A— cross-sectional atea in sq ft 
or sq meters, 

a constant whose value is 
4*25 to 7*6 for feet units 
and 14 to 25 for metric units, 

Meters must be mounted on 
supporting rods to ensure that the 
axes of meters are parallel to the 
axis of channel or pipe in which flow 
takes place. Care is taken to see 
that no twisting or vibration of shaft 
or supporting rod occurs. Only the 
effect of flowing water should be 
impressed on the meters. 

A relay of meters is fixed to a 
single supporting rod which can be 
stretched along the breadth of the 
stream with its ends fixed to the sides 
or along the depth with one end 
firmly fixed to the bottom. The for¬ 
mer setting is said to be horizontal 
(Fig jr 14.24) and the latter vertical 
(Fig 14.25). The former gives the 
velocity variation along the breadth 
of the channel and this can be deter¬ 
mined at many different depths by 
successive experiments. The latter 
distribution gives the velocity 
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distiibution along the depth 
and this can be carried out 
at several positions along the 
width. The second method is 
more commonly adopted, be¬ 
cause the width of river is 
generally not uniform. 

Calculation of Discharge — 

a) Open Channel-With 
reference to Fig 14.26, the 
discharge is given by, 

dQ=V. dA 
= V.dB . dH 



f H r* 

Q= / / V.dB t dH 

^ 0 ^ 0 


...(14.22) 


This integral is generally eval¬ 
uated by graphical methods 
after the velocities at a number 


of points over the cross-section 
of the stream, have been 
gauged with the help of current 


meters. 



Fig H.26 Slieam Cioss-sections Showing 
Gauging Points 


If a vertical supporting rod is used, curves showing V=*J{H) are 
drawn for several positions along the breadth (See Fig 14,27). 



Fig 14.27 Graphical Deteimmation of Q m a Rectangular Channel 


f H 

Then the integral / V . dH is evaluated for each position by 

J 0 


measuring with a planimeter the area enclosed by the corresponding 
curve. 
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These areas are, then, plotted against breadth and the area under 
this curve gives 

f B f H 

/ / V .dH .dB 

Jo J 0 

This, therefore, is the required discharge. If a horizontal supporting 

r B 

rod is used, curves showing V=*f(B) are drawn and I V . dB is evaluated 

7 o 

first. Then another curve showing variation of this integral with H is 
drawn and area under this curve gives 
r H r B 

/ / V.dB.dH^Q 

J 0 J 0 

b) Closed Pipe—(See Fig 14.28). 

dQj~V . dA=V. 2 tt x . dx 



(a) Measurement of Dischatge (b) Measurement of Discharge in Pipe by Two 

in Pipe by one Current Meter Current Meters 



(c) Graphical Determination of Q in a Pipe 
Fig 14.28 Measurement of Discharge in a Pipe 
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/. Qf=* [ x . V . dx=ir f V . rfa* 

J 0 J 0 

Velocities at a number of points at different distances fioni the 
centre are gauged and the function— 

is plotted. The area under this curve multiplied by % gives the discharge. 
f ' 2 

Thus P =tt: . / V . dx* ...(14.23) 

J 0 

= tt; X[ area under curve F=/ (a? 3 )] 

Precautions— 

t) Width of canal or river should be measured by accurate 
theodolites. 


it) Depth of water at various points should be measured by a pointer 
gauge. In order to ensure that the pointer tip exactly touches the water 
surface, the pointer is made a part of a dry cell circuit W'hich is complet¬ 
ed at the touch of water. To facilitate contact, local addition of an 
electrolyte like Sodium Chloride i e. NaCl is recommended. Changes in 
depth due to evaporation should be considered especially in the tropics. 

iii) A sufficient number of gauging points should be chosen to ensure 
an accurate velocity picture. 


iv) The distance of the axis of the meter nearest to a wall or bottom 
should be at least f propeller diameter and at the most 8 inches (or 0'2 
m). All meters must be completely submerged under water. 


v) Current meter revolutions should be observed 
for not less than 60 seconds. Inaccurate stopwatch 
reading is a possible source of error. 

vi) Flow should be kept steady during the period of 
observation. Any irregularity should disqualify the 
observation and it should be repeated. 

vii) The axis of the meter should be parallel to the 
direction of flow, otherwise 

V= (See Fig 14,29) 
cos a 

where, 

V= velocity of water 

velocity indicated by meter 





ct=angle of deviation 

This correction may be applied but experience 
shows that the corrected value thus obtained is slightly 
greater than the actual value. 


Fig 14.29 Determi¬ 
nation of Velocity 
When the Axis of 
Current Meter is 
Inclined to the 
Direction of Flow 


viii) In case of acceptance tests for water turbines, gauging should 
be carried on the head race side because the tail race is usually turbulent 
and full of eddies. 



466 


HYDRAULIC MACHINES 


ix) Whenever possible, especially in laboratories, walls of the channel 
should be vertical and smooth. Bottom should be squaie with the walls 
smooth and horizontal. A minimum straight stretch of 5 ft (or 1 ‘5 WJ j 
must precede the current meter. 

x) Curient meter must be robust and beaiing should be frictionless 
allowing no lateral displacement of shaft, 

xi) The cam and electrical “make and break” device should be 
shielded from water. 

xii) Vanes or cups should be scrupulously cleaned so that meter may 
not be blocked with dirt. 

xiti) Frequent and careful calibration is necessary. 

xiv) Ends of velocity curves should be drawn according to construction 
shown in Fig 14.30. 


Tangent 


K 

p 

* (n* 

Velocity 4" 



Uses—Current meter measure- 
ments aie not expensive and yield 
quite passable accuiacy. The only 
disadvantage is that calculation takes 
time. They are suited to a wide 
range of discharge. The method is 
widely prevalent in Europe and 
turbine manufacturers recommend 
it for acceptance tests. 

14.16 Salt Velocity Method 
or Allen Method—This method 
first suggested and used by Prof, 
G. M. Allen of Worcester (USA) is 
applicable to pipes and open 
channels. 


Working Principle—-Salt solu- 
Fig 14 30 Construction of Velocity t ion has gi eater electrical conducti- 
Cmvc End ofF.g 14.27 than £ ure wate] , If s£)me CQn . 

centratecl salt solution is suddenly introduced into a pipe or a channel, 
it will be carried downstream with the water at a speed equal to the 
mean velocity of flow. At some distance further downstream, electrodes 
connected to the terminals of a battery are lowered into the water and 
current is allowed to pass through the water. When the injected salt 
flows past this point, conductivity becomes maximum and this is indicated 
by a maximum reading in an ammeter placed in the circuit (Sec 
Fig 14.31). The conductivity is observed at two points and if / be the 
distance between them and t the time interval shown by a stopwatch 
between the moments of maximum ammeter readings at the two points, 
then velocity of salt 

l 


t 


The mean velocity of flow, k . — (Generally, 1) 
If A be cross-sectional area of stream of pipe, 

. — .A 


t 


...(14.24) 
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The injection of salt should be carried out in an instant for ideal 
results. A near approximation is achieved in practice by a quick acting 
valve. The method is expensive but is widely used in USA. 

Practical Example — 

At Walchen Sea Research Station USA, the discharge was measured 
by salt-velocity method and'gave following data— 

Length of head race canal -450 ft (or 137 m) 

Salt introduced = 10 tons (or 10T6 metric tonnes) 

No. of quick acting valves used = 38 

No. of vertical steel electrodes used = 30 pairs 

Time taken =2 days 

Discharge measured =1600 to 2500 cfs 

(or 45 to 70 m 3 /sec) 

14.17 Titation or Chemical Method—When the water flow is 
excessively turbulent, normal methods cannot be employed and chemical 
methods may be used. 

A chemical, generally, a common salt (sodium chloride) solution 
of known strength, is steadily introduced into the stream at some definite 
point. The solution should be sufficiently strong containing at least one 
part of the salt in four parts of water. After some time, not less than 
ten minutes, a sample of down stream water is taken at some point 
sufficiently distant from the point where salt is being introduced. This 
is to allow the salt the necessary time and distance to diffuse uniformly 
over the whole section. 
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Now, if k 0 =weight of salt per unit volume of natuial water 
/^—weight of salt per unit volume of salt solution 
/c 2 =weight of salt per unit volume of sample watei 
2 =rate of dischaige of salt solution 
and Q = rate of flow of water in the stream 
then, £} . k 0 +q . fci=(Q.+ ?) . h 
or (1 (k 2 — k 0 ) = q{k 1 — L) 


or 



Generally, k o =0 and, therefore, Q==q 



If 






a =9 • 


^2 


..,(14.25) 


.. (14.25a) 


Degree of concentration of salt or the strength of solution can be 
determined chemically by titration, or by electiical or optical methods. 

Lately, experiments are pei formed by using sodium bichromate. 
This salt is selected because it is neither present as such nor as impurity 
in natural water. However, it is more expensive than common salt. 


The titration or chemical method is used for rivers generally having 
a discharge of not more than 3,500 cusecs (or 100 m 3 /sec). The quantity 
of salt required is roughly 100 to 200 lb (or 50 to 100 leg) per 3,500 
cusecs (or 100 m 3 /sec). 

14.18 Gibson Inertia-Pressure Method— This method was first 
suggested and used by Dr. N. R. Gibson of Niagra Falls Power Go. 
Pressure generated due to inertia of moving water when it is suddenly 
brought to rest by closing a valve at the end of the pipe, is measured. 
Velocity of water is calculated from it as follows : 


From the equation of water hammer, 


dv L 
dt ‘ g 


=H-H 0 


where, H 0 =normal head 

H— head after closing the valve 
Length of pipe 

The inertia head h x = H~H 0 
dv L t 



or dv— - yc . h % . dt 

If v be the original velocity and t the time taken by water to come 
to rest, 
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or 


Ih . dt 

L J n 


*..(14.26) 


The integial / h h . dt can be evaluated by measuiing the area 

J n 


0 

under the curve /t t =/ (t). 

Then the discharge, 

where d is the diameter of pipe canying the water. 


...(14.26a) 


This method is suitable for hydiaulic tuibines with closed conduits. 
Basically the Gibson method is used to establish the initial rate of flow 
from a diagram on which are lecorded the variations of piessure occuring 
in a penstock during shutting down of a tuibine in a known time. In 
other words the discharge in the turbine supply conduit is deduced from 
pressure measurements taken during the period in which the regulating 
gear is closed. 

If the conduit or penstock is of varying cross-section the accurate 
dischaige is obtained by multiplying Eqn 14.26a by a co-efficient, known 

as pipe factor which is 
the summation of lengths 
divided by area. 

The apparatus* for 
the measurement of pres¬ 
sure variations, consists 
of a calibrated U-tube 
mercury manometer con¬ 
nected to the conduit as 
shown in Fig 14.32. After 
the turbine inlet valve 
is closed the variations of 
pressure difference from 
the U-tube are recorded 
on a sensitive film wound 
onto a clockwork or 
electrically driven drum. 

A pendulum swinging 
before the camera lens 
marks time signals on the 
film, which appear as 
vertical lines on the final 
print. 

Advantages 

1 ) Gibson method does not require extensive preliminary work 

excepting two tappings into the penstock. 

2) The conduit does not require to be opened. 

~ * “Tinbine Efficiency Measurement” Pait two from Water Power, Febiuaiy 1959, 

page 55. 



Fig 14,32 Gibson Apparatus 
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Disadvantages 

1) Since the method involves load iejection, noimal power station 

operation duiing the tests is impossible. 

2) The turbine and the regulating gear are subjected to heavy 

stresses. 

3) Evaluation of results is somewhat long and aiduous piocess. 

This method has now been accepted as reliable and accurate way 

of measuring the discharge. 

14 19 Thermometric and Thermodynamic Methods— These 
methods aie based on a very simple principle that the energy lost in 
the machine heats up the water passing through. The measurement 
of rise of temperature of water deg C per foot water-gauge head 

loss) gives a measure of the losses. From this efficiency of water turbine 
can be worked out. For low head machines very accuiate measuiements 
are required while sensitive mercuiy-in-glass theimometers can perhaps 
do for very high head installations. 

Assuming electrical output and efficiency, the turbine discharge 
could be deduced. 

a) Thermometric Method —Thermometric method was visualised 
in piinciple about 1914 by Poirson in France and later experimental 
work was carried out by Barbillon, Fontaine, Gaillard, Poirson and 
Voile in France about 1920, by Umfenbach in Germany in 1937 and 
Katzman in Canada after the Second World War, This method was 
tried at National Research Laboratories, Ottawa in 1948 and in 
Switzerland in 1955. 


The efficiency was determined by direct measurement of temperature 
at inlet and outlet from the turbine. The expiession* for the efficiency 
is as follows— 


i) Where the thermometers aie inserted in the penstock and 
tail race giving tempteralures of water 0, and 0 9 respectively- 

1 JC(P.-g .) 


Y]- 


Ii n 


...(14.27) 


where J=mechanical equivalent of heat 

C=specific heat of the working fluid 
H „=net or effective total head across the turbine. 


ii) Where the temperature of water is measured as in (i) but the 
sample from the penstock is fully expanded to atmospheric pressure 
before its temperature is measured— 


J C * 2 (0i — 62 ) + Ui~ £ 3 ) 
3 )+ («!-«*) 


...(14.28) 


where C. = specific height of the working fluid at the constant 
pressure at outlet test point, 

H t —total head at inlet test section 

* See “Theimodynanue Method of Measunng Turbine Efficiency” by Dr. D. N. 
Singh, Mechanical Engineeimg Reseaich Laboiatory (MERE) Fluid Report No. 70 
Glassgow, August 1958. 
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Zi nnd z% — datum levels of test sections 
(3 = thermodynamic co-efficient. 

There must, of couise, be no heat exchange between the water 
samples and the surroundings. The absolute calibration of thermometers 
must be made. 

b) Thermodynamic Method —In 1930 Campmas, Fontaine and 
Voile investigated the principle and Willm and Campinas applied the 
results of these investigations to modify the theirnometric method. Dr. 
D. N. Singh* fully developed this method (See Fig 14.33) recently. The 
thermodynamic expansion of water under pressure is made to measure the 
temperature of water. The apparatus (See Fig 14.33) consists of a water 
calorimeter in which a steady and continuous running sample of water, 
withdrawn from the penstock through a pitot-tube probe at a section 
where the total energy of water is fairly constant, is expanded adiabati- 
cally. This expansion in the calorimeter and the rate of flow through 
it, can be controlled by the operation of two valves so that the tempera¬ 
ture of water was raised to a temperature identical with that in the 
tail race. Carefully matched platinum resistance thermometers are used 
in the calorimeter and the tail race, requiring no absolute calibration, 
when connected as adjacent arms on a simple Wheatstone bridge, a null 
reading on a galvanometer is obtained, showing equality in the temper¬ 
atures at the two stations. 


The total head of water in the calorimeter between the two valves ; 
Hi is then measured. By closing the outer valve, the flow through the 
calorimeter is stopped and the total static head H e noted. The efficiency 
is then given by 


Hi (l—ft) + fo-fr ) 
1 H t (1 3) “h(^i £b) 


...(14.29) 


where Zi and £ 2 = datum levels at the two test sections 

a and /3 = thermodynamic co-efficients which correct the 
variation of specific volume of the working fluid 
and change of its internal energy with temper¬ 
ature and pressure. 


and 

where 

Suffices 


GH 


IL>1 ( P\-~P> 2 ) 


f? [ r ' lf(v)+ p Ki)' 
* 2 


dP 


.,(14.30) 


3 



6 ) 

P^P 



...(14.31) 


absolute pressure 
T— absolute temperature 
0 =inlet test section 
s —outlet test section 

0 —any arbitrary reference point (say 4°C for water) 
l=inlet test point 
2—outlet test point, 
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Advantages of Thermodynamic Method over Thermometric Method — 

a) Absolute calibration of thermometers is not rcquiicd. 

b) Value of specific heat of water is not required. 

c) Variations of specific weight of water are taken care of by the 

co-efficients a and /?. 

d) Principal terms are measured directly as pressures. 
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14.20 Ultrasonic Flowmeter* —The ultrasonic flowmeter 
contracts the transit times of ultrasonic waves travelling with and against 
the flow by comparing the phase of two sets of waves. The difference 
in phase angle is directly proportional to the velocity of flow of the 
fluid and it is also proportional to the frequency of the ultrasonic waves 
and the distance. 


Principles 

a) Differential Arrange¬ 
ment —If two ultrasonic trans¬ 
ducers are placed in a conduit 
(Fig 14.34) in which the 
measurement of velocity of 
fluid is to be made, then the 
time taken for a pulse of 
sound emitted from one to 
reach the other is 



d 


Fig 14-.34 Ultrasonic Flowmeter Principle 
(Differential Arrangement) 


where distance between two transducers 


^ — velocity of propagation of sound in theTluid. 


If the fluid is flowing with a velocity v in the direction 
tion, the time of transit will become 


h 


J 

Vs + V 


of props ga- 


As v is much less than v sy t x will be nearly equal to t In practice 
v t varies with temperature and pressure, therefore is not|accurate. 


For accurate results a second transducer is placed upstream (See 
Fig 14.34) of the transmitting transducer, also spaced d from it. The 
time taken by the sound pulse in travelling to the upstream transducer— 



The difference between times of arrival of the upstream and down¬ 
stream signals— 


A1=< 2 —h=— -A~T 0 «>»p) 

v, — ir v. 


...(14.32) 


In practice, use of continuous waves instead of pulses is made. The 
transmitting transducers are fed from a common source and the phases 
of the signals arriving at the two receiving transducers are compared. 
The phase difference 


A* 


2 co . dv 

v} 


‘...(14.33) 


where <0 = 2^/= angular frequency of transmitted signal. 


* (l) "Turbine Efficiency Measurement’—Water Power, Page 114, March 1959. 

(2) "Measuiement of Liquid Flow by Ultrasonics^ by R. E. Fischbacher—Water 
Powei, Page 212, June 1959, 
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b) Oscillating Loop System —'This method has been developed to 
eliminate the effect of velocity of sound. A pair of transducers are 
used as in (a), each pair being formed into an oscillating loop. A 
pulse is emitted from transmitting transducer T : (See Fig 14.35) and 
is received by receiver 7 3 after time t v This pulse is amplified and 
virtually instantaneously fed back to the transmitting transducer for 
retransmission. A pulse is therefore emitted every \ seconds ie. a 
train of pulses is emitted at reception frequency— 


AMPLIFIER PUL5E GENERATOR 



PULSE GENERATOR amplifier 


Fig 14.35 Ultrasonic Flowmeter Pimciplc (Oscillating Loop System) 

r _ 1 fs+f 

fl h~ d 

Similarly another train of pulses is generated by another transducer 
pair in an upstream direction at a frequency— 

1 0,-0 



The frequency difference or beat frequency between two loops 

A /=/i~/a= ...(14,34) 

which is independent of velocity of sound v s > 

Fig 14.36 shows the principle of ultrasonic flowmeter, Two 
tiansducer rods are placed in the conduit in which measurement of 
water velocity is to be made. A transducer, when acting as transmitter, 
converts high-frequency alternating current into mechanical vibrations 
of the same frequency. Conversely, mechanical vibrations picked tip 
by a transducer are converted into alternating current. It is found 
that the magnitude of the phase angle between the transmitted and 
received signal is a measure of the average velocity of water passing 
through the conduit, but in practice, to avoid the necessity of measuring 
the phase angle with the water stationary, two phase*angle measurements 
are made in quick succession : first with the downstream transducer 
receiving the signal of the upstream transducer, and second, with the 
functions of the two units interchanged, Part of the signal from the 
oscillator passes through one channel of the amplifier and mixer to the 
phase angle meter. The signal from the receiving transducer passes 
to the phase-angle meter through the second channel of the amplifier 
and mixer. The beat method of reducing frequency maintains the phase 
relationship of the two signals, 







Fig 14.36 Ultrasonic Flowmeter Details 

B. PRESSURE MEASUREMENTS 

14.21 Gauge and Absolute Pressure— Local atmospheric pressure 
is taken as the datum for measurement of pressure in hydraulic engineer¬ 
ing. Atmospheric pressure, therefore, is zeio pressure on this scale. 
Pressure measured on this scale is referred to as gauge pressure. It is 
so (called because the ordinary pressure gauges, the instruments for 
pressure measurement yield readings on this scale. Sub-atmospheric 
pressures produce negative readings on the pressure gauges. This is often 
referred to as vacuum or suction pressure. 

Gauge pressure should be distinguished from absolute pressure 
which is reckoned from the absolute zero of pressure, 
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/. Absolute Pressure^Atmospheiic Pressure + Gauge Pressure. 

For sub-atmospheric pressmes, 

Absolute Pressure—Atmospheric Pressure —Vacuum Pressure. 

14.22 Units of Pressure —The pressure of a column of liquid of 
height h and specific weight w is w . A per unit area. This affords two 
ways of expressing pressure. 

The intensity of pressure is expressed in force per unit surface area. 
The FPS unit of intensity of pressure is lb per sq in. and the metric unit 
is kg per sq cm. The atmospheric pressure varies from place to place, 
and time to time but when not specified, an average value of 14*7 lb per 
sq in. (or 1*033 kg/cm 2 ) is taken for engineeiing purposes. 

For engineering purposes, h has been found more convenient to 
express pressure an terms of the height of equivalent liquid column. This 
height is known as pressure head and is generally expressed in feet or 
meters ofliquid (column). The advantages of using head as an expres¬ 
sion for pressure become obvious when it is realised that the statement 
“pressure head ofliquid h ft (or m) 9i implies that the pressure energy per 
pound (or kg) ofliquid is h ft lb (or kgm). 

Pressure head is also measured lelative to the atmospheric pressure. 
Standard atmospheric pressure is equivalent to 34 feet (or 10*36 m) of 
water or 30 in. (or 760 mm) of mercury. 

The relation between two expressions for pressure is obvious. 

Intensity of pressure in lb per sq in. 

Pressure head in ftX Sp wt in lb per cu ft 
“ 144 

or P—Tif lb i" " -('«=) 


Intensity of pressure]in kg' per cm 2 

Pressure head in mx Sp wt in k g per w * 

” — 10,000 


i.e. 


H . w 

10,000 


kg cm~ 2 


...(14.35a)] 


14 23 Instruments for Measurement of Pressure— The instru¬ 
ments employed for pressure-measurement are usually of three types : 

i) Manometers, 

ii ) Mechanical Gauges, 

arid fit) A combination of a Piston Gauge and a Manometer. 

In matlometers, the unknown pressure to be measured, is^ balanced 
against a column of liquid of known specific weight. The height of the 
balancing column is a measure of the unknown pressure. The liquid 
generally used is mercury. Choice ofliquid depends, however, to some 
extent on the magnitude of pressure to be measured. For high pressures, 
mercury is preferred. For low pressures, liquids of low specific weight 
such as carbon tetrachloride (CC/^—sp gr=l‘59 l or Acetylene-tetrabro* 
mide [GHBri CHBr % )~sp gr-2 95 are used. 
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For very high pressures, the height of the balancing liquid column 
becomes inordinate, and use of manometers is inconvenient. Mechanical 
devices are then used. Mechanical gauges directly yield pressure read¬ 
ings, are portable, have a wider operating range and are fairly accurate 
if carefully calibrated. 

14.24 Manometers— The more important types of manometers are 
the following : 

i) Piezometer tube, 

u) U-tube or double column manometer, 
in) Single column manometer and inclined tube manometer, 
and tv) Differential manometer and Inverted U-tube. 

0 Piezometer tube —The balancing liquid column is contained in 
a glass tube, one end of which is open to 
the atmosphere and the other connected 
to the side of the vessel containing the 
fluid of which the pressure is to be 
measured (Sec Fig 14.37), Height of liquid 
in the tube is proportional to the pressure 
at the gauge point. Pressure may be 
directly read from the graduations on 
the tube or on a scale attached to it. 

Care should be taken to ensure that the 
end of the tube connected to the vessel 
under pressure is flush with the inside 
surface of the vessel. The diameter of the 
tube should not be lesd than x in- (or 
20 mm) to avoid error due to capillary action. Height of column should 
be read at the centre of the meniscus i.e., lowest point of curve for 
water and the highest point of curve for mercury. 

») U-tube or Double Column 
Manometer —Generally speaking, if the 
pressure to be measured is more than 5 
ft (or 1.5 m) gauge, a U-tube may be 
used (See Fig 14.38), One end of the 
U-tube is connected to the gauge point 
and the other left open to the atmos¬ 
phere. The liquid contained in the U- 
tube is heavier than the fluid of which 
the pressure is being measured. Mercury 
is commonly used. Diameter of the 
tube should be about § in. (or 10 mm). 



Rig 14 38 U-tube Manometer 



.PIEZO¬ 

METER 

TUBE 


Fig 14 37 Piezometer Tube 


Pressure at the gauge point x is given by : 

_ h ...(14.36) 

w 

where h x is the required pressure at * in ft (or m) of liquid in the vessel, 
w is the specific weight ofliquid in the vessel, 
w m is the specific weight of the measuring liquid in U-tube, 
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hi and h 2 are the heights of liquid in the two limbs above the line 
Z— Z as shown in Fig 14.38. 



at) Single Column Mano¬ 
meter —It may be regarded as a 
special type of double column 
manometei in which the cross 
sectional area of one limb is so 
large in comparison with that of 
the other, that any changes m the 
former may be neglected. The 
smaller limb is a Piezometet tube 
and the larger limb is a shallow 
container (See Fig 14.39), The ratio 
of diameter is 8 to 10, The required 
pressure 


Fig 14 39 Single Column Manometer 

hx=hi ("TT _1 ) • j 1 + (t) } ...(14.37) 


Where is difference of final and initial readings in the Piezo¬ 
meter tube. 


This type of manometer is best suited for measuring the difference 
of pressure between two points. 

id) Inclined Tube Mano¬ 
meter is simply a single 
column manometer with the 
Piezometer tube inclined. In 
modern designs, it is possible 
for the inclined limb to swivel 
round its connection with the 
shallow container (See Fig 
Fig M 40 Inclined Tube Manometei 14 40). 

It may be used for measuring small differences of pressure accurately. 
A P=l ( w m~ w ) s i n a •* (14.38) 

If l } the travel of meniscus is in feet (or m) and w m in lb/ft 3 (or 
kg/m 8 ), 

then A P is in lb/ft 2 (or kg/m 2 ) 




Fig 14 41 Diffeiential 
Manometei 


v) Differential Manometer —When the 
difference of pressure between two points is to 
be measured, they may be connected to the two 
ends of a U-tube as shown in Fig 14.41. This 
arrangement constitutes a differential mano¬ 
meter. The required difference of pressure is 

AA=A A -/.j=l(-;-l) -.04.39) 

For precision pressure measurement, 
various micro-manometers are available in the 
market ; many of them named after their inven¬ 
tors e.g. 7 Rosenmueller, Prandtl, Chattock etc. 
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14 25 Pressure Connections— The following points should be 
kept in mind while making connections for the measurement of pressure : 


a) The drilling should be perpen¬ 
dicular to the pipe wall and must flush 
with the inner surface (See Fig 14 42), 

b) Diameter of hole should be 
about 1/8 in. (or 3 to 5 mm), Smaller 
holes are liable to be choked and 
larger holes may cause errors in 
measurement by change in pressure 
at the gauge point, 

c) For connecting the gauge 
piping outside \ in. (or 10 mm) bore 
in pipe with gas threads will suffice, 

d) Connecting pipes must be full 
of liquid. No air pockets should be 
present. 


CONNECTION TO GAUGE 



Fig 14.42 Gauge Connection 
to a Pipe Line 


14 26 Mechanical Gauges —For reasons explained in Art 14.22 
and 14 23, mechanical gauges are more suited than manometers for the 
measurement of high pressure, specially when it is more than two 
atmospheres. The most accurate and reliable region on the scales of 
mechanical gauges is between 40 to 70 percent of the maximum. The 
three important types are : 


i) Bourdon tube piessure gauge, 

ii) Diaphragm pressure gauge (Aneroid Barometer), 

Hi) Dead weight pressure gauge; 

The first of these is the most widely used but the last is the most 
accurate and may be used for the purpose of calibration. 

Mechanical gauges employed for measuring sub-atmospheric 
pressures are sometimes called Vacuum Gauges. 

Graduations on the dials of mechanical gauges may be in feet (or m) 
of liquid column or in lb per sq in. (or kg/cm a ). For vacuum gauges, 
pressure scale in inches (or mm) of mercury may also be provided. 

i) Bourdon Tube Pressure Gauge— A flexible metal (steel or 
bronze) tube of elliptical cross-section is the pressure responsive dement 
in this gauge (See Fig 14,43). When the gauge is connected to the 
gauge point, liquid under pressure flows into the tube. The elliptical 
cross-section tends to become circular due to increase in internal pressure. 
This results in a tendency of the tube to straighten out. By a simple 
pinion and sector arrangement, this elastic deformation of the tube is 
made to cause a proportional displacement of the pointer-needle which 
indicates the pressure on a graduated dial. The instrument must be 
calibrated before use. 

ti) Diaphragm Pressure Gauge —A corrugated diaphragm is used 
instead of the Bourdon Tube (See Fig 14.44). Elastic deformation of the 
diaphragm under pressure is transmitted by a similar arrangement to a 
pointer-needle. This type of gauge is used to measure relatively low 




14.45 Dead Weight Pressure Gauge and Calibration Instrument 
fluid exerts a force on the piston equal to the pressure times the piston 
area. This force can be balanced by weights on the top of the vertical 
piston. This is most accurate device and is, therefore, used for precision 
work and for calibrating other pressure gauges. The pressure of liquid 
is balanced by known weights (See Fig 14.45), and 
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Pressure in lb per sq in. (or kgjcm 1 ) 

Total load on plunger in lb (or kg) 

““Gross sectional area of plunger in sq in. (or cm 2 ) 

The only error involved is that due to frictional resistance to motion 
of plunger in the cylinder and of liquid in the connecting pipes. This 
can, however, be avoided by taking adequate precautions. 

14.27 Manometric Piston Gauge —This is a new invention made 
after 1950 in France by Willm and the later developed by Singh* at the 
University of Glasgow for measurement of pressures in hydro power 
stations. 

This instrument combines the principles of a dead-weight piston 
gauge and a water manometer. It has the advantages of both, giving 
a wide overall range together with great accuracy. The instrument gives 
rapid reading and is almost dead beat. It has been tested in Scotland and 
the prototype found to be accurate to 1 part in 20,000 while measuring 
a pressure of about 1,300 feet (or 400 m) of water. 

This instrument can also be used for the accurate measurement of 
pressures elsewhere. 


Let : 

1) ztq=weight of piston, tray & 

slung weight suppoit in 
lb (or kg) 

2) rc' a = a dcled weight in lb 

(or kg) 

3) w $=weight of container & 

water in lb (or kg) 

4) Wi =thrust on displacer in lb 

(or kg) 

5) h= water manometer read¬ 

ing in in. (or cm) 

6) H f p = gauge pressure to be 

measured in feet (or 
m) of water or lb/sq 
in. (or kg/cm 2 ) 

7) w =weight of 1 cu ft (or m A ) 

of water in lb (or kg) 

8) A, D=cross-sectional area & 

dia of displacer in in. 
(or cm) 

9) a, d= cross sectional area & 

dia of piston in in. 
(or cm) 



*Singh, D. N. <f Mano metric Piston Gauge” Fluid Report INfo. 66, National 
Engineering Lab ora toiy, Glasgow, Scotland (Department of Scientific and Industrial 
Research), Feb, 1958. Details and photographs by courtesy of the University of Glasgow 
and D, S, I. R. of U.K. 
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Then pie&sute measured = 77, (iei+a' J +H , 3 )4 A‘ 2 . h 


whcie, 


7fi = 


144 

W ■ n 



10,000 
W . 0 


(14 40) 



Fig 14.47 Manomctiic Piston Gauge, 
developed by Dr. D.N. Singh, atuanged 
for Measuiement of Pressui es above 40 
lb pei sq in. (01 2'81 kg/cm 2 ) 


and 


JD a 


12 d 2 


or 


Fig 14.48 Manometric Piston Gauge, developei 
by Dr. D,N. Singh, foi Measurements of Sub 
atmospheric Piessuies and Pressui es below 4 
lb pei sq in. (or 2*81 kg/cm 2 ) 

D % \ 


'100 <k 


12a 


or 


100a 


for measurement of head in feet of water 


for measurement of head in m of water ^ 
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and 



and K 1 


u^D 3 

l2 3 . <P 


w . A r . , 

= l2 3 for measuiement in lb/sq in. 


( 01 * ~ ~ TiT 0 ^ ^ 01 rneasurPn,ent kg 


But if there is any constant source ofpiessuie supply available and 
the following observations made : 

Weight requiied to balance constant piessuie without 

container— lb (01 kg) 

Weight lequired to balance constant piessme with containei 

in position and some reading in the manometer— w iv lb (01 leg) & 

It v in, (or cm) 

and now if, Wx~\ —yr . //„= \\\ say, where 'Jf- 

1 11 Aj 1 

Then any pressure measured— &\ . h ^ .. (14 40a) 

wheie li\ and /f 2 have the same significance as above, 

j V % B, Ki and K 2 should be suitably amended if any liquid othei 
than water is used in the containei. 

C. Level Measurements 

14.28 Measurement of Level or Height of Free Surfaces —The 

height of a free surface of liquid can be accurately measured by one of 
the following instalments ; 

* i) Pointer Gauge, 

ii) Hook Gauge, 

iii) Floats. 

i) Pointer Gauge—A long lod with a fine point at one end moves 
vertically in a bearing (See Fig 
14,49). A scale with a vernier is 
fitted to the rod, As soon as the 
point touches the liquid suiface the 
rod is screwed in its position and the 
height is read on the scale. It is 
difficult for the eye to judge correctly 
when the point is just touching the 
liquid surface. For accurate measure¬ 
ment, two points may be used and 
an electric circuit so arranged that 
as soon as the points touch the liquid, 
the circuit is completed and an 
ammeter placed in the circuit imme¬ 
diately shows a reading. When still 
water surface is being measured, a 
pinch of common salt dropped in the 
region will considerably improve its 
conductivity* 



Fig 14.49 Pointer Gauge 
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u) Hook Gauge —When the observer must lely on judgment of the 
eye 3 it is often advantageous to use a hook gauge (See Fig 14.50) instead 



Fig 14,50 Hook Gauge 

of a pointer gauge. Height is read when the point of the hook just 
emerges above the liquid surface. This can be judged fairly accurately, 

PULI Ei5 



Fig H.51 Float 
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til) Float— Float in its simplest foim is merely a hollow box or 
sphere of sheet metal, is allowed to float on the free surface of the liquid 
(See Fig 14.51). A wire connected to it at one end passes over a pulley 
and carries a suspended weight at the other end. Position of the weight 



CA‘rg fatiu*v£K 


Fig lf.52 Diagiamatic Sketch of Mechanical Level Recordei 
or of any particular point of the wire can be used to find out the level of 
the liquid. If the friction at the pulley is small, this arrangement may 
yield accurate results. 

Mechanical level recorders working on the float principle are now 
available. A typical example is shown in Fig 14 52. 


D. Speed Measurement 

14,29 Measurement of Speed —Revolutions per minute (jV*) of 
the shaft are measured by one of the following instruments : 

i) Revolution Indicator, 
it) Tachometer, 

Hi) RPS or RPM Counter, 

iv) Electrical or Optical Instruments. 

In (?) revolutions are indicated on a dial but there is no indication 
of time for the measurement of which a stop watch is needed. 

Tachometer gives speed in rpm while it is being driven, generally, 
by means of a belt from the shaft. 

RPM Counter is a combination of (i) and (u). ^Depending on the 
design, it takes time upto about three seconds to attain full speed after 
which the indicator needle stops, and the reading is preserved eveti if it is 
disconnected. Its working is similar to that of a stop watch. 
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Electric Tachometer compiises a geneiatoi with a constant 
permanent-magnet field and loaded only with high-ic&islance voltmeter 
provides an ouLput voltage which is ucai 1 y proportional to speed, 
These machines arc made in both A.C, and D.C, types. 

Another type of electric tachometer consists of a contact maker 
driven by the shaft. The pulses generated by the contact maker build 
up charge in a condenser, and a voltmeter reads die EMF across the 
condenser plates. Power supply or batteiies aie essential to operate this 
type of electric tachometer. 

A Swedish firm, Nydqvist & Holm (NOHAB), has developed an 
electronic revolution counter having a counting capacity of 30,000 
pulses per second. The pulses are produced by means of a rotating 
disc. 

UNSOLVED PROBLEMS 

14.1 Define “Hydraulic Measurement.” 

A. Water Measurements 

14.2 Name the different methods of water measutemenls. Which one 
of them is mostly used in practice ? 

14.3 Name the different methods which could be employed for measuring 
the discharge of streams, rivers and channels, 

[AM1E—Mov 1954) 

14.4 Describe “Direct Methods’ 9 of discharge measurement. 

What is meant by “Indirect Method” of discharge measure¬ 
ment ? 

14.5 Why Direct Weighi Measurement method is the most accurate 
one ? Describe this method briefly. 

14.6 Describe Calibrated Tank and Travelling Scieen methods for 
discharge measurement. 

14.7 Show by means of a sketch the difference between a Venturimeter 

and a Venturiflume. Can a Venturimeter be used in its vertical 
position ? (AMIE — ]\ r ov 1954) 

14.8 Why divergence piece of a Venturimeter is longer than its 
convergence piece? What precautions are taken to deteunhie 
the throat diameter of a Venturimeter ? 

14.9 What is a Venturiflume ? Stale the equation, giving discharge 

through such a flume and say what precautions are necessary for 
this to work properly. ( UPSC—Dec 1958 ) 

14.10 Why is it necessary to connect an additional pipe perpendicular 
to the flow in case of Pitot tube ? How docs this constiuction 
effect the instrument co-efficient ? 

14.11 What is a Prandtl-Pitot tube ? Sketch the same. 

(Punjab University — 1957) and ( Delhi University—1957) 

14.12 What is meant by Pitot-tube Traversing ? Explain how is it 
carried out. 

14.13 Deduce the formula for discharge through an orifice and indicate 
what factors are taken care of by the co-efficient employed in it. 

(UPSC—Sefit 1957) 
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l-1.14 What aie quantity meteis and vvhcie aie they used ? 

14.15 Wheie would you employ the following in practice to measure 
the iate of flow of water ? 

a) Tuibine Nozzle e) Orifice 

b) Tiavelling Screen f) Diiect Weight Measurement 

c ) Pipe Bend g) Rotameter 

cl) Galibiated Tank h) Gibson Metliod. 

Describe each of the above methods briefly. 

14 16 Describe the following methods to measuie the water discharge : 

a) Rod method for river flow 

b) Orifice or nozzle for pipe flow 

c) Weir for open channel flow [Delhi University — 1958) 

d) Travelling screen 

e) Double float method for river flow 

J) Titration method for the stream having excessively turbulent 
flow 

g) Current meter for pipe flow 

h) Turbine nozzle for flow through Pel ton turbine. 

(Punjab University — 1958) 

14.17 What is the difference between surface float, sub-surface float and 
lod float used for measuring the discharge of a river ? How is 
the average velocity of water determined in such cases 3 if the water 
surface velocity is given ? 

14.18 What is a suppressed weii with end contraction? Where is it 
necessary to use such a weir in practice ? (AAIIE—May 1955) 

14.19 Where do you recommend the use of a triangular notch in practice ? 

14 20 Why is the ventilation of rectangular weir necessary ? 

[AAIIE-May 1955) 

14 21 What aie the limitations of Rehbock’s weir formula ? 

J4.22 Describe a “Gippoletti Weir.” How does it differ from rectangular 
sharp crested weir ? ( UPSC — 1958) 

14.23 Plow will you avoid the effect of end-contractions in case of 
rectangular weir ? 

14.24 Draw typical calibration curve (0 vs H) of a rectangular weir. 

[AMIE-May 1955) 

14.25 Describe discharge measurement of canal by current meters. 

(AICTE — 1958) \ [AMIE—Nov 1958) and (Punjab University — 1959) 

14.26 What do you know of the following ? 

a) Pitot tube b) Current meter. ( AMIE—Nov 1953) 

14.27 Describe how the measurement of discharge is carried out by means 
of current meters. 

What is the approximate number of gauging points for a canal 
of rectangular section 20 ft wide by 10 ft deep ? Show how you 
would place the current meters at these gauging points. 

How would you calculate the average discharge from the 
different readings obtained from the meters ? [AMIE—Nov 1954) 

f 
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14.28 Describe the Titration and Salt Velocity (Allen) methods. 

14.29 Describe the method of measuring quantity of water in a stream 

where the flow is excessively turbulent. ( AA11E — May 1955) 

14.30 Describe the salt-velocity and the Gibson pressure method for 

discharge measurement. Where are such methods employed and 
why * (AMlE— Nov 1958) and ( Punjab University—1951) 

14 31 Describe a suitable method of gauging the flow of water in— 

a) a river with a maximum discharge of 4 lakhs cusecs, 

b) a distributory canal for 100 cusecs., 

e) a laboratory channel carrying 0*5 cusecs. 

{UPSC-1958) 

14.32 Describe the difference between the thermometric and thermo¬ 
dynamic methods of discharge measurement. 

14.33 Describe ultrasonic flowmeter. 

14.34 The diameters of main and throat of a horizontal Venturimeter are 

3 in. and 2 in. respectively. It is employed to measure the flow of 
keiosene having a specific gravity 0'8. If the gauge pressures at 
inlet and throat are 100 and 80 lb/sq in. respectively, determine 
the discharge through the meter. Assume the meter co-eflicient 
as 0*97. (1*44 cfs) 

14.35 A right-angled triangular notch, and a sharp-edged rectangular 
weir 30 cm broad, are to be used alternatively for gauging the flow 
estimated to be about 20 litres per second. Find in each case, the 
percentage error in computing the discharge that would be intro¬ 
duced by an error of 2 mm, in observing the Ixead over the notch 
and the weir. Take C d the co-efficient of discharge for the notch 
and the weir as 0*593 and 0*623 respectively. 

(2*74% same in both cases) ( UPSC —Jan 1952) 

14.36 The rate of discharge over a V-notch is given by Q^C//' 4 , where 
C and n have constant values. Show that, for small changes, the 
fractional change in discharge is n times the fractional change in 
head. 

A How of T25 cusecs is to be measured with an accuracy 
of +2%, Take £) =2*48 H 2 * 18 , find the permissible error in 

observing the head. ^ +0*073 in.^ 

14.37 A Gippoletti (trapezoidal) weir having a width of 16 in. is used to 
measure the discharge of water from a small water turbine. The 
weir was fixed in a rectangular channel 2 ft wide and 18 in. deep. 
Calculate the rate of flow in gpm if the water level in the channel 
is 9 in. above the weir crest. (Q—0*63) 

6, Pressure Measurements 

14.38 What is the difference between “Gauge Pressure 53 and “Absolute 
Pressure 5 * ? 

14.39 What is the difference between a Piezometer tube and a differential 
manometer ? 

14.40 Where do you employ a mechanical gauge to measure the 
pressure ? 
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14.41 With which instrument will you measure the pressuie in the suction 
pipe of a pump ? 

14.42 Describe with the help of a line sketch how a Bouiden tube 
pressuie gauge works. 

14.43 "What are the precautions you will take while making connections 
for connecting a pressure gauge to a pipe line ? 

14.44 Can you use a dead-weight pressure gauge instead of a Bom den 
tube pressure gauge to measure the head of the water flowing 
under pressure in a pipe line ? 

14.45 It is a standard practice when using a dead-weight tester to rotate 
the weights and piston and to tap the gauge lightly while obtain¬ 
ing readings. Explain why. 

14.46 What is manometiic piston gauge ? 

C. Level Measurements 

14.47 Explain the difference between a pointei gauge and a hook gauge. 

14.48 Explain with the help of a sketch the working of a mechanical 
float. 

D. Speed Measurements 

14.49 What are the different arrangements to measure the speed of a 
machine 

14.50 What is the difference between a tachometer and a rpm counter? 

14.51 A centrifugal tachometer having langes of 25 to 300, 250 to 3,000 
and 2,500 to 30,000 rpm is to be used to determine the speed of a 
shaft which is believed to be in the vicinity of 3.000 rpm, What 
range setting should be tried first and why ? 

14.52 How does the electronic revolution countei woik ? 

14.53 Describe the principle of Electric Tachometer. 
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TESTING & CHARACTERISTICS OF TURBINES & PUMPS 

15.1 Introduction. 

A. Testing of Turbines & Pumps 

15.2 Purposes of Tests 15.3 Testing Codes 15.4 Acceptance or Take-Over Tests 
15.5 Model Tests 15.6 Test-Beds 15.7. Test-Bed for Pclton Turbine 15.8 Test-Bed 
for Reaction Turbine 15.9 Test-Bed for Pumps 15.10 Determination of Total Head 
foi Turbines and Pumps 15.11 Procedure of Testing for Turbines in a Laboratory 15,12 
Data lo be Measured 15.13 Calculated Data at Constant Head 15.14 Calculated 
Data at Unit Head 15.15 Piocedutc of Testing for Pumps in a Laboratory 15,16 
Data to be Measured 15.17 Calculated Data at Constant Speed. 

B, Power & Efficiency Measurement 

15.18 DifFeient Methods foi Measuring Pov\et and Efficiency 15.19 Prony Fiiction 
Biake 15.20 Rope Biake 15.21 Tesla Fluid Friction Brake 15.22 Fronde Water 
Voilex Biake 15.23 Tension Dynamometer 15.24 Measurement of Power with the help 
of Electrical Equipment 15.25 Losses in a Generator—Mechanical and Electrical Losses 
15.26 Estimation of Tuibmc Efficiency 15.27 Turbine Losses—Mechanical and 
Hydiaulic Losses. 

C. Characteristics of Water Turbines 

15.20 Introduction 15.29 Measurement of Characteristics Data 15.30 Representa¬ 
tion of Characteristics—Main Characteristics or Constant Head Curves, Operating 
Characteristics or Constant Speed Curt es and Constant Efficiency Curves or Muscliel 
Cuives. 

D Characteristics of Centrifugal Pumps 

15.31 Characteristics of Centrifugal Pumps 15.32 Main Characteristics 15.33 Opera¬ 
ting Characteristics 15.34 Constant Efficiency Curves oi Muschel Curves 15.35 Constant 
Plead and Constant Discharge Cuives. 

15.1 Introduction —Various tests which are required to be carried 
out on the turbines and pumps are given in this Chapter. The tests are 
made in accordance with the difleient specifications given in the test 
codes of various countries. 

The measurement of necessary data for canying out the various 
tests have been given in diffeient chapters of the book, The measure¬ 
ments of discharge, pressure or head, level of water and speed of the 
machines, have been given in Chapter 14. From these data power and 
efficiency of the units are determined which will be explained in Chapter 
15 B. 

The data obtained above are generally represented in the form of 
curves, known as characteristic curves. The requirements of various 
curves and their plotting are explained in Chapter 15C and 15D. 
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A. Testing of Turbines & Pumps 

15.2 Purposes of Tests— There aie generally five purposes for 
which the tests are made. The type of test will depend upon its purposes. 

(1) Investigation of Losses —In order to find out the efficiency of units, 
the different losses sucli as mechanical and hydraulic losses are determined 
first. 

(2) Design and Reseaich—Thtst tests give valuable information to 
the designer and research worker regarding the performance of the units 
under different conditions. Such conditions include the varying of 
load, speed and head. The theory can be befter understood by these 
tests, which are of two types viz model tests and acceptance tests . 

(3) Determination of Results Under Specified Conditions '—These tests are 
carried out at site and are called acceptance or take-over-tests. They 
are undertaken to see that guarantees given by the manufacturers in the 
contract are fulfilled. Such tests comprise the determination of efficiency 
for given head and speed. 

(4) Determination of Best Operating Conditions —These tests are employ¬ 
ed to find out the best efficiency at different conditions of speed, load and 
head. They are therefore, to be performed in the neighbourhood of best 
efficiency. 

(5) Sale of Machinery— The tests are performed before the prospec¬ 
tive buyer, to give him an idea of the performance of the machine. The 
results of these tests are recorded in booklets which serve as a handy 
reference to the sales engineer. 

15.3 Testing Codes—Tests, whether in the field or in the labora¬ 
tory, are based on the same fundamental principles. These principles 
and the rules of procedure are formulated in the standard test codes of 
various countries. 

These codes have much in common. They give definitions of terms 
used ; the principles of testing ; the requirements and conditions of test¬ 
ing ; method of taking necessary measurements ; description of measuring 
instruments and notes on their calibration ; tolerances on measurements 
and advice for the solution of the other points of dispute which may 
come up between the purchaser and the manufacturer. Codes of different 
countries differ mainly in the extent and presentation of the matter. 
Each is a guide and reference to the Engineer. When referred to in the 
specifications given by the purchaser, it becomes a contract document. 
These codes can be modified by the purchaser and the manufacturer 
between themselves. 

Testing codes may go a little further in apportioning the cost of 
these tests between the buyer and the supplier. The buyer sends his 
representative to the manufacturing works to watch the model tests 
conducted in their laboratories and the manufacturer has to send his 
engineering personnel and staff for testing at site. 

On the testing of water turbines, the best known codes in the English 
language are : 

0 Swiss Rules for hydraulic turbines, published by the Swiss 
Electrotechnical Institution. 

ii) The British Standard Test Code for hydraulic turbines* published 
by the British Standards Institution, 
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hi) The Testing Code of the Machinery Builders Society U. K, 

iv) The Testing Code for hydraulic prime movers, published by the 
Ameiicau Institute of Mechanical Engineers. 

v) The Standard Test Code for Hydraulic Power Plants issued by 
the authority of the Councils of the Institution of Civil Engineers and the 
Institution of Mechanical Engineers, London. 

15.4 Acceptance or Take-Over Tests are those which are 
performed at the site before the unit is commissioned for service. They are 
undertaken to see that the guarantees given by the manufacturers in the 
contract are fulfilled. During erection, pressure tests are undertaken to 
check the strength of the individual parts. Before commissioning a 
turbine, a number of tests, both mechanical and electrical are carried out 
on the turbine and its auxiliaries. The intake and penstock are cleared 
of timber and other trash capable of* causing damage. The governor and 
lubricating oil systems are cleared of any dirt or foreign matter that may 
have found its way in. All equipment is checked for operation and when 
found satisfactory, water is allowed to come in the turbine and the set 
is gradually brought up to full speed. This is done hist by hand and then 
by the governor. 

The set is subjected to a load test. The load may be a commercial 
one or a water-resistance. The load is varied according to the specifica¬ 
tions and the behaviour of the set studied. 

The governor performance of sudden rejection of loads is studied. 
Loads at the fractions viz- t 25, 50, 75, 100 per cent of the full-rated 
output are built-up and when conditions are steady, suddenly thrown 
off, the pressures and speeds being recorded during and after the rejection. 
The' pressure rise and speed rise must remain within the specified 
tolerances. 

The overspeed device, for shutting down in the event of racing is 
tested by manipulating the governor so as to run the machine upto the 
maximum speed, which is generally one-third more than the rated speed, 

15.5 Model Tests —Such tests are conducted in laboratories on 
small models of the big units. They are necessary to obtain complete 
data about the performance of turbines or pumps, before they are manu¬ 
factured. Tests on aclual-sized units are very much restricted in their 
scope. The limitations may be due to the cost of the tests and due to time, 
in case the plant is to be commissioned at an early date. In addition to 
these, there are hydraulic limitations. Head may not be variable, the 
speed may be constant and the load available may not be very steady 
which is desirable for accurate results. 

Models are tested under a small head. This head is created by 
pumping units. It is desirable to use high head for impulse turbines and 
low head for reaction turbines. Generally the test turbines are of such a 
size that the BHP lies between 5 and 50. 

The discharge is measured by any one of the methods explained In 
Chapter 14A. The output is absorbed by any of the brakes to be explain¬ 
ed in Chapter 15B. The prony brake still gives the best results at variable 
speeds and torques. 

The test consists in running the turbine for a given position of 
its opening, from standstill to maximum runaway speed and measuring 
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the data for each speed, when steady conditions prevail. The efficiency 
is calculated from the above data. The computation of diffeient data 
and dnwing of characteristic curves will be explained in Chapter 15C. 
The various values for the actual-sized turbine are calculated by the 
principles of geometrical similarity explained in Chapter 9. 

For pumps, the model tests are carried out for large units in which 
case their performance data are required before they are actually 
manufactured. The computation of such data and di awing of charac¬ 
teristic curves are given in Chapter 15D. 

15.6. Test Beds —The testing of model water turbines and pumps 
is carried out in a laboratory, specially constructed for the purpose in 
the manufacturer’s works. Each type of turbine and pump require 
different type of test-beds. The type of test will depend on the purpose 
of test explained in Ait 15.2. Some of the test-beds are given in the 
following articles. A few more test-beds such as aerodynamic test-beds, 
cavitation test-beds are also very important for the research engineer. 

Aerodynamic test-bed is used for the Kaplan turbine employing 
a wind tunnel, where air is used instead of water. Such test-beds have 
become very common now-a-days, as it is very convenient to work with 
air because both pressure and velocity can be measured more easily at 
numerous points with which all-round observations are possible since the 
runner is not submerged in water as in the case of hydraulic experiments. 

With cavitation test-bed the development of turbine runner blade 
profile is possible. Photographs are taken with the help of stroboscope, 

with an exposure upto gQO Q00 ~ sec> t0 see w ^ ct ^ er t ^ ie runncr is effected 

by cavitation. 

15,7 Test Bed for Pelton Turbine— Fig 15.1 shows the test bed 
used for testing Pelton turbine runner by Escher Wyss & Go Ltd Zurich. 


The pump 1 (See Fig 15.1) of centrifugal type supplies the required 
head and quantity of water from sump 6. The quantity of water is 



h Centiifugal Pump 5. Measuring Weir 9. Dynamometer or Brake 

2. Aii Vessel 6. Sump 10. Tachometer 

3. Pelton Wheel 7. Compressed Ail Vents II. Pressure Gauge 

L Measuring Channel 8. Delivery or Regulating 12. Float 

Valve 
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regulated by valve 8. The water is passed through a pressure vessel 2 
which has a compressed air oil the top surface of water. The compressed 
air is supplied by a compressor (not shown in Fig) through the pipes 7. 
With the help of air vessel, working head of the tin bine is made constant. 
The head is varied with the help of compressor. If the pump is connected 
to the turbine without air vessel, the fluctuation of pressure takes place. 
In this case the working head of the turbine is made constant by adjusting 
the delivery valve 8 of the pump or by varying the speed of electric 
motor driving the pump. The head before the water emerges out of 
turbine nozzle is recorded by a pressure gauge 11. The Pelton runner 3 
is fitted on the open tank. The speed of wheel is measured by a tacho¬ 
meter 10 and the torque is measured by a brake 9. The water after 
giving the work to the Pelton runner falls in the channel on the tail side 
4. It flows back to the pump sump over a weir 5. The head of water 
over the weir is measured by a float 12. 


15.8 Test Bed for Reaction Turbine —Fig 15.2 shows the test 
bed used for reaction turbines, both Francis and Kaplan type, by Escher 
V\ yss. 



Fjg 15.2 Test Bed for Reaction. Turbines (Escher Wyss & Go Ltd.) 

1. Centrifugal Pump 5, Measuung Channel with 9. Dynamometei cn 

2. Head Race Tank Stilling Devices Biake 

3. Reaction Turbine 6. Measuring Weir 10. Tachometer 

A, Tail Race Tank 7, Sump 11. Head Measuiing Scale 

8. Delivery or Throttle Valve 12. Float 

The pump 1 of centrifugal type supplies the required head and 
quantity of water from the pump sump 7. The water is regulated by 
the throttle valve 8. The water enters the head race tank 2 which 

supplies water to the turbine 3. The speed of turbine is measured by 
tachometer 10 and the torque by brake 9. The water after doing the 
work passes on to the tail race tank 4 through the draft tube. The differ¬ 
ence of water level in the two tanks 2 and 4, gives the head working on 
the turbine, which is measured by scale 11. The throttle valve regulates 
the supply for the tail race side. The water flows to the channel 15 
which has stilling devices and at the end there is measuring weir 6. The 
head on the weir is measured by float 12. 

15,9 Test Bed for Pumps —The pump sump is covered with a 
platform which is made generally of wooden sleepers and angle irons, 
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The pump to be tested is fixed over the sleepers. The discharge is 
measured by calibrated tank (cf Art 14.4) if the pump is small. In case 
of large-sized pump, the water is passed through a channel having a 
measuring weir (See Art 14,14) at its end. The head over the weir is 
measured by hook gauge (See Art 14.28 ii). The suction head is 
measured by piezometer tube dipped in a mercury trough. The delivery 
head is measured by dead weight pressure gauge (cf Art 14.26 in ) or 
piezometer tube (See Art 14.24 i ). The type of fluid used in piezo¬ 
meter tube depends upon the delivery head. If the head is more, 
mercury is employed, otherwise fluid whose specific gravity is near about 
two is preferred to give a failly long column in the tube, in order to have 
smaller percentage error. 


Driving motor of D.C. type or variable speed A.G. type, is used 
for the tests, so that a wide range of speed variation can be obtained. 
The driving motor is provided, for the loading, with either mechanical 
dynamometer or fitted with ammeter and voltmeter. In the later case 
the efficiency of electric motor must be known in order to get the input 
to the pump. 


No change in pipe diameters or directions of flow should occur at 
the places where the gauges are located, otheivvise the readings will not 
be coirect. All readings on suction and discharge piping before and 
after pump flanges must be referred to centre line of pumps. When the 
suction diameter is larger than the discharge diameter, a correction 


factor, 


Vd—Vs 

2g 


, for the velocity head must be made at all capacities and 


must be added to the total pressure readings. 


The speed of the pump is measured by a tachometer or RPM- 
counter (See Art 14.29) from the shaft of driving motor. 


15.10 Determination of Total Head— 

a) Turbines—The net head for different types of water turbines is 
given in Fig 15.3 to 15.6, taken from the Swiss Rules for Hydraulic 
Turbines, SEI Publication No. 178e, 1947. 



Fig 15.3 Reaction Turbine 
Open Flume, Vertical Shaft, Draft Tube Bend 


Net Head H~Zi—zA -^ 
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Tig 15 i Reaction Tuibinc 
Spual Casing, VeiUcal Shaft, Diaft Tube Bend 



Tig 15 5 Impulse Tui bine (Pelton) 
Single Nozzle, Iloiizontal Shaft 


Net Head H= Z -Z»+^ L +~: 

w 2 g 


(For Net Head H given below See Fig 15 6 on page 497), 



b ) Pumps —The total dynamic head H for different types of 
connections of pressure gauges fitted to the suction and delivery ends of 
pump piping is given in Fig 15.7. The precautions must be taken that 
a) The gauge connection pipes are ful] of water before the gauges are 
fitted as shown in Fig 15.7a and b } 
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2 £ 

Fig 15.7 a) H=h a -h.-f+f 1 + ^ g Vs 
Suction head at datum /j a '=^ a —yi 



Suction head at datum 
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b) in Fig 15.7c discharge gauge connection pipes are full of water 
and suction gauge connection pipes are filled with air and open drain 
valve on suction connections occasionally, 

c) in Fig 15.7 d and e 3 the discharge gauge connection pipes are full 
of water. 

15.11 Procedure of Testing for Turbines in a Laboratory — 

The turbines in the field must be supplied with natural flow of water 
(QJ under some head {H) t However in a laboratory both Q as well as 
H are obtained by a suitable pumping unit. The pump draws water 
from a sump or underground reservoir of sufficient capacity, and delivers 
it under a specified pressure ( H) to the turbine as explained above. 

The pump is started as explained in Art. 15 15. The delivery 
valve 8 (see Fig. 15.1 aad 15.2) of the pump is opened fully in order to 
supply water to the turbine. The inlet valve to the turbine, if any, as 
well as the turbine nozzle (for Pelton turbine) or turbine gates (for 
reaction turbine) are opened. Let the turbine run for fifteen to twenty 
minutes before the readings are recorded. 

Open the brake cooling water tap. Allowance for this water is 
made for the accurate calculations of turbine discharge. 

The turbine is set for a number of inlet openings, atleast four, say 
25, 50, 75 and 100%. For each inlet opening, the turbine is first run 
on no-load and then it is loaded slowly by means of dynamometer, till 
the turbine is at standstill. Not less than six different loadings for a 
single inlet opening, are to be recorded. 

The head operating the turbine is kept constant as far as possible 
during testing. As explained in Art. 15.7 and 15.8 this is done by the 
help of air vessel (for Pelton turbine) or water tanks (for reaction tur¬ 
bine). In the absence of air vessel or water tanks, the head is kept cons¬ 
tant by adjusting the delivery or regulating valve of the pump or by 
varying the speed of the driving motor. 

15.12 Data to be Measured — 

I. The following data are measured while the experiment is being per¬ 
formed — 

a) Turbine Gauge Pressure— This is obtained from the pressure 
gauge 11 (see Fig. 15. i and 15.2) connected to the turbine. The 
pressure gauge gives the values in ft (or m) of water or in Ib/sq in. (or 
kg/cm 2 ). 

b) Brake Load from the meter connected for the purpose. For 
the rope brake (see Art 15.20), measure the load from the spring 
balance. 

c) Turbine Speed is measured by means of tachometer or RPM- 
counter (see Art 14.29) by inserting its knob in the centre hole made on 
the end of shaft. A tachometer may be connected to the turbine by means 
of belt. 

d) Head over Weir Crest is measured by means of hook gauge 
(see Art 14.28 ii). 
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e) Any Other Type of Discharge Measurement 






















Point fiead in ft (or m) Discharge in ft 3 /sec Dynamometer s Power in HP 
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II. The following data to be measured are required for the calculations 
explained in the next Article 15.13 

a) Internal Diameter d of the pipe at a place where turbine 
pressure gauge is connected. For a reaction turbine internal diameter of 
the pipe at a place where vacuum gauge is connected, is also to be noted. 
These diameters are required to calculate the kinetic head of the flow- 
ing water in order to determine the effective head working on the 
turbine. 

b) Vertical Distance Zoauoa an Y> f rom the centreline of the 
turbine inlet to the point where the pressure gauge is connected. This 
is also required to determine the turbine effective head. In case of re¬ 
action turbine the £ ffaut7e distance for the vacuum gauge is also be taken 
into account. 

c) Radius of Brake Arm / (see Fig. 15.8) from the centreline of 
the turbine shaft to the point of application of weight. This is required 
to calculate the torque applied on the turbine. Sometimes the mechanical 
dynamometer is such that it is fitted with a meter showing directly the 
torque to be calculated. 

d ) Length of Weir Crest B or L (See Fig 14.18 and 14.20) is 
measured if the weir used is rectangular or trapezoidal (ie, Cippoletti weir). 

e) Weir Crest Level is measured by the hook gauge after the 
experiment has been performed and no more water is flowing over the 
weir. 


Ill, The following instruments are to be calibrated before they are used to 
perform the experiment— 

a) Turbine Pressure Gauge and Vacuum Gauge, the latter 
for reaction turbine only. It is required to calculate H cor for the 
determination of effective head of the turbine. 

b) Tachometer or RPM-Counter to determine the correct speed. 

c) Brake Load Meter, Torque Meter or Spring Balance. 

All the above data is tabulated for each inlet opening as shown in 
Table 15.1. 


15.13 Calculated Data at Constant Head— 


a) Turbine Effective Head H — 


H= (Hga U (je^zbJ C01 ) -(- {ldvaojSZ^~d COT ) “f" Zwuq* ^ 


V t a - 0 / 

'2 g 


where H oauo ^Reading of pressure gauge in ft (or m) of water 

Reading of vacuum gauge in ft (or m) of water. 
This will be required in case of reaction turbine. 
The vacuum gauge is fitted to the outlet of turbine 
runner or inlet of draft tube. 

Ii 00r ^= Correction factor for the gauge, if any. This will 
be known after the gauge has been calibrated. 

Inlet velocity of water at the pipe cross-section 
where the pressure gauge is fitted. 
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v s =Exit velocity of water at the pipe cross-section 
where the vacuum gauge is fitted. This is required 
for reaction turbine only. 

Zoaugt =Vertical distance from the centre line of turbine 
and the point where the pressure gauge is fitted. 

Zoauot (vac) =-Vertical distance from the turbine centre line to 
the point where vacuum gauge is fitted. This 
is required for reaction turbine only. 

b) Discharge £T—The discharge is calculated by means of weir 
or Venturimeter or by one of the methods explained in Chapter 14. 
In case of weir, use the Eqns 14.14 to 14.20, depending upon the type 
of weir used. 


c) Torque or Turning Moment Af— 

M=F . / ft lb (or kg m) 

where F=*Brake load in lb (or kg) from the meter connected to 
the brake. In case of rope brake, this is equal to 
difference of dead weight on brake and reading of the 
spring balance, 

U F— W—S 

/= Radius of brake arm. 


In some cases a meter fitted on the brake will give directly the 
value of moment M in ft lb (or kg m). 

d) Brake Horsepower (BHP) or Metric HP from Brake— 

The turbine brake horsepower is determined as follows— 

„ M.cb F .1 . co F * /. 2tt . Ft 

P<== 550 “ 550 ” 60x550 

r F. l.2ir, N . . jjtT] 

L or P '=— 60^75“ raetncHP J 

where jV= Speed of turbine shaft in rpm 


e) Available or Water Horsepower 


P a = 


w . (2,. h 

550 


HP 


or P a — W - — metric HpJ 

/) Turbine Overall Efficiency 

. Pt 

m-jr 

Tabulate the above results as showii in Table 15.2. 
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TABLE 15.2 
Turbine Brake Test 

Turbine Calculated Data at Constant Head 


Outlet Opening—. % Head=.ft (or m) 


H 

a 

N 

F 

M 

Pa 

Pi 


ft 

(or in) 

cusecs 
(or m 3 / 
sec) 

rpm 

lb 

(or kg) 

ft lb 
(or 
kg/m) 

HP 

(or 

metiic 

HP) 

BHP 

(or 

1 metric 
HP) 

0/ 

/o 


i 1 






15.14 Calculated Data at Unit Head— It will be seen that for 
difteient inlet openings of the turbine, the constant head (See Table 15,2) 
has not got the same value. Therefore it is the usual piaciice to convert 
all the data given in Table 15,2 to a unit head which is then the constant 
head for all the values of inlet openings. Thus the cliffeient quantities 
given in Table 15.2 for the different inlet openings can then be easily 
compared with each other. To reduce the quantities to unit head, the 
following relations (See Art 3.13) are used 


o. 


a 


X- > 


V H 


p A 

•fa , 

ir- 




p, 

3 

H J 


p __i 

3 



Y]f has a non-dimensional value, therefore it will not change. 
Tabulating the results— 


TABLE 15,3 

Turbine Brake Test 
Turbine Data at Unit Head 

Inlet Opening—.% Head = l ft (or m) 


Point Q _, 

l 

K 

Pi 


P ‘i 


1 

i 







The characteristic curves (Sec Art 15.30) are then drawn (See 
Fig 15.20 to 15.24)* * 

15.15 Procedure of Testing for Pumps in a Laboratory — 

Before the pump is tested check the following :— 
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a) The shaft of pumping unit is not jammed— This is necessary so that 
the electric motor may not be burnt when it is switched on in case the 
shaft is jammed. It is checked by revolving the shaft-coupling by hand. 

b) The delivery valve of the pump is closed, so that pressure can be built 
up by the pump, 

c) The pump is primed properly— The pump will not build up its head 
if there is an air pocket in the pump impeller, volute or suction pipe. 
The priming is accomplished by opening the air valve and filling the 
pump with water until it overflows from the air valve. The pump is 
filled with water either by pouring it with buckets or from an over¬ 
head reservoir, through the delivery pipe. 

Switch on the driving motor and bring it to speed gradually by mov¬ 
ing the handle of the starter slowly. The air valve is kept open partially 
while the motor is biought to its required speed, so that any residual ail 
may escape. In case there is air and the pump is not propel ly primed 
on opening the delivery valve, the deliveiy pressuie (shown by the 
pressure gauge) will fall to a laige extent and the suction pressure (shown 
by the vacuum gauge) will rise. On such occasions, it is advisable to 
switch the motor off and start it afresh after piinhng it piopeily. 

Note the readings of the pressure gauge, vacuum gauge, tachometer, 
voltmeter, ammeter, power factor meter (for A.C. motors only) and head 
over weir crest. In case the electric motor is coupled to a mechanical 
dynamometer, note the readings on the spiing balance and measure the 
radius of the arm. All readings must be taken simultaneously. The 
axis of tachometer must be kept horizontal with the help of a level gauge 
while measuiing the speed of pumping unit. The reading of head over 
the weir should be taken after the water has travelled from the pump to 
the weir, say after about 3 minutes. 

The delivery valve is opened gradually and seveial sets of all the 
above readings are taken at constant speed. The speed is kept constant 
by varying the voltage of the motor by moving the rheostat. 

Change the speed of the motor and repeat the above process at 
constant speed. Take such four or five different sets of readings at 
constant speeds which are required to draw the various characteristic 
curves of the pump (See Fig 15.27 to 15.31), 

15.16 Data to be Measured — 

7. The following data are measured ivhile the experiment is being per¬ 
formed — 

a) Head from Pump Gauges—This is obtained from the pressure 
gauge and vacuum gauge connected to delivery side and suction side 
respectively, both measured in ft (or m) of water. 

b) Pump Speed is measured by means of a tachometer or RPM- 
counter. 

c) Power Consumption by Electric Motor by measuring voltage, 
amperage and power factor (for A G motors only). In case the driving 
motor is equipped with mechanical dynamometer (say rope brake), 
measure the load from the spring balance. 

d) Head Over Weir Crest by hooVgauge. 
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II. The following data to be measured me lequiied for the calculations 
explained in the next article (Art. 15.17). 

a) Internal Diameters of the pipes where the gauges are fitted. 

b) Vertical Distance ^ aauge between the centie lines of the piessuie 
and vacuum gauges. 

c) Radius of the Brake Arm / from the center line of the pump 
shaft to the point of application of weight. 

d) Lengths of Weir Crest (B or L) (see Fig 14.18 and 14.20). 

e) Weir Crest Level is measured when no more water is flowing 
over the weir, after the experiment has been performed. 

All the instruments employed for the experiment e.g. gauges, tacho- 
meter and electric meters, spring balance (for rope brake) must be 
calibrated befoie they are used. 

All the above data is tabulated for each constant speed as shown in 
the Table 15,4. 


15.17 Calculated Data at Constant Speed—■ 

a) Pump Effective Head H as well as b) Discharge Q, ai ' e deter¬ 
mined as explained in Art 15.13 a & b for turbines, 


c) Input to Pump— 

SPIP = ~ qqq X V]tn otor K-W or X VJmotoi HP 

where A —Amperage 
F=Voltage 

%iotoj —Efficiency of the motor taken from the efficiency curve 
of motor supplied by the motor manufacturers or 
obtained earlier by performing the experiment on 
motor. 

Input to the driving motor is also obtained by mechanical dynamo¬ 
meter by calculating the torque. 

T=^F . I ft lb (or kgm) (Also see Art 15.13 C) 

and in case of spring balance 


where PF=Dead Weight 
and Reading of spring balance 
A Output of driving motor or Pump Input 


SHP= 


2t t NT 
33,000 


HP 


(d ) Output of Pump 

WHP = ~j^5Q~ Hp (F PS—units) 


or WHP= metric Hp] 
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(«) Overall Efficiency of Pump 

_ Output _ WHP 
' r ‘ vump Input SHP 

Tabulate the above results as shown in Table 15.5 
TABLE 15.5 


Pump Brake Test 
Pump Data at Constant Speed 
jV==.rpm = constant 


Point 

H m o.no 1 (1 JV 

WHP 

I 

| i 

SHP 

f Pu. , WHP 

(motor) ^ M,8K ~SHP 

_j 

r. cusecs 

f x (or m 3 / 

^ orm ) 1 V sec) 

i 

GPM J 
(or lit/ rpm; 
sec) | 

HP 

HP 

KW % 

1 


I 

1 


1 




Problem 15.1 In the test of a centrifugal pump with water, the 
rate of discharge was found to be 3,400 gallons per min (or 0’257 ni 3 /sec). 
Pressure gauge reads 190 lb/sq in. (or 13*35 kg/cm 2 ), suction gauge reads 
6 in, (or 152*4 mm) of Hg and the difference in elevation between the 
gauges was 2*6 ft (or 0 793 m). The diameters of suction and delivery 
pipes are same. Find the efficiency of pump if input HP is 600 (or 
609 metric HP). [AMIE — Nov 1956) 

Solution 

0 = 3,400 gpm (or 0*257 m 3 /sec) 

// d —190 lb/sq in. (or 13*35 kg/cm a ) 

H s =6 in. (or 152*4 mm) of Hg 
Difference in gauges elevation=2 # 6 ft (or 0*793 m) 

PIP =600 (or 609 metric HP) 

TT 190x144 , QO f r 

H d =* - 7^-7 —-=438 ft of water 

62 4 

[or 13 7*T = 133>5 m of water] 

=6'8 ft of water 
30 

r „ 152-4x 10 36 . M , f t 1 

or #,=--=2 075 m of water J 

/i=2'6 ft (or 0’793 m) 

Total head supplied by the pump 
H=.H a +B i +h=m+6'8+2-6=447‘4: ft of water 
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(oi 77= 133'5+2’075+0*793 = 136 368 in of water) 


Fowet delivered by the pump= 


w. (2* H. 

550 

rn A , / 3400 X 10 , 

^ 4X ( 62 4x6c7 X447 4 

: 550 

.3,400x 10x447 4 


60x550 


=461 HP 


oi P= 

L_ 


1,000x 0 257 X 136 368 


75 


— =467 metric HP 


Efficiency of pump f[ 


output _ 461 )M00 


OI (]•■ 


input 000 
= 76 8% Answet 
467 




-X 100 = 76*8% Answer 


B. Power and Efficiency Measurements 

15 18 Different Methods for Measuring Power and 
Efficiency —Thete aie several methods employed for the measuiement 
of power output, and, hence, lor the calculation of efficiency ol turbine 
models during tests in the laboratory or of actual turbines cluiing take¬ 
over tests on the site. These are classified under two heads : 

Methods using mechanical means and 

Methods using electrical means. 

The following types of mechanical equipment aie used for the 
measurement of powei and efficiency— 

a) Prony Friction Brake 

b ) Rope Biakc 

c) Tesla Fluid-Friction Brake 

d) Fioude Water Voitex Bialce 

e) Toision Dynamometer. 

15.19 Prony Friction Brake —The prime mover shaft is braked 
by means of friction and by measuiing the rpm developed against a known 
frictional force, the output of power can be easily calculated. 

Apparatus consists of a simple pulley keyed to the piime-mover 
shaft. Clamps held together by adjustable bolts and flynuts brake the 
pulley by means of mechanical friction thiough coik padding. To the 
clamp is attached a lever the other end of which is balanced against 
known weights as shown in Fig. 15 8. This is used for small values of jY 
(rpm) and higher values of F. It is suitable foi tests in the laboiatory. 

If, F=peripheial foice on brake lever 
7~=lare 

G=weight on the pan of the balance 
then, F—G—T 
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Tig 15 8 Piony Pnction Biake 

Let Z=length of biake lever which is known for a patliculai brake 
then, torque—F . I 

Fuilher, the angular velocity of pulley 

<o— 5 where JV*= measured rpm of shaft, 


and, Powei, P— (Toique) . co — F . / . 


ft lb/sec(ox kgmjsec) 


HP=s-, 


or ?= 


FA.2tz.N 
60x550 
m F 1.2 tt .N 
33,000 

FA. 2tt . N 

60x75 


metric HP 


Powei in K\V =*Power in PIP x 0746 
or Power in KW— Power in metric HPxO 736 


.. (15 la)] 

. (15.14) 
...(13.1c) 


Determination of Brake Test Curves—Power output expressed 
in HP, 

2 TT.jV.F.l r „ 2 TT jV.F. I .... 


[« P HP =■ 


60x75 


The factoi 


60 X 75 


p H p— 


D 2 T.JV.F./ r D 2 tt JV. 

33,000 - 60xi 

r 2 ir.Z f 2ir.l 1. 

The factoi ^qqq [_ or g() x ?5 Jxs a c 

_F.JV 

p hp-~ Ki 

By adjusting the position of flynuts, mecha¬ 
nical friction on the pulley is varied and a series 
of values for F, viz> F ls F 2 , F a etc are chosen. 
Speed corresponding to each is measured with 
rpm counter Value of HP for each point is cal¬ 
culated. These are tabulated and a curve is 
drawn (See Fig 15 9). Also, since the power in¬ 
put P is known, efficiency y] can be calculated. 

The curve shown in Fig 15.9 belongs to a 
Pel ton turbine. In this figure. 

Runaway speed 


metric HP 


is a constant for a brake and 



Fig 15 9 Biake Test Curves 
fot pel ton Turbine 

(F, Q, P & y] os JV) 
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and jV‘ 0 =Speed for which the turbine is designed and whete Power 
P would be maximum. 


Problem 15.2 Find the values of F, the peripheral force on the 
lever on a Prony Brake, M the turning moment, P t the turbine brake 
horsepower and vj t the total (overall) efficiency of the turbine from the 
following experimental data obtained from the chaiacteristics of a Pelton 
wheel : 


Total head—GO 97 m, 55*24 lit/sec, A*=755 rpin 

/—I 43 m> Tare=7*5 kg, Weights in pan39*9 kg 

Solution 

F=G~T 

= 39*9 — 7*5 = 32 4 kg Answer 
M—F . /= 32 4x T43 = 46-3 kg m Answer 


„ 2% . JV . (F. 1) 2irX 755X46*3 - , 

P t — =-gQ-=3,660 kg m/sec Answer 


P a *=.iV . Q,. H where u>=* Specific weight ofwatei, 

= 1 kg per lit 

= 1 X55 24x80‘97 

= 4,490 kg m/sec Answer 

and vjt— ~ X 100=|®^X 100-81-5% Atmvsr 



15,20 Rope Brake— Rope 
brake consists of a doubly wound 
rope over the rim of a pulley on 
a flywheel keyed on the shaft 
transmitting the power to be 
measured (See Fig 15,10). The 
rope is usually of cotton and for 
laboratory purposes its diameter 
is not more than \ inch to 1 inch 
depending upon the power of the 
machine to be tested, A few U- 
shaped blocks are provided to 
keep the rope in position and to 
guard against its slipping off the 
pulley. Dead weights are sus¬ 
pended from the bottom end of 
the rope and a spring balance 
is connected to the upper end. 
A rod passing through slits in the 
weights is fixed to the frame of 
the prime-mover thus preventing 
the weights fiom flying oil when 
the machine is being started or 
stopped. 
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A cooling arrangement may be 
piovided if undue heat is being 
developed due to friction between 
the rope and the pulley. The pulley 
itself has a channel section with the 
flanges turned inside (see Fig 15.11). 
Cooling water supplied by a pipe is 
circulated thiough the channel and 
discharged by an outlet pipe with a 
flattened end which enables it to 
scoop the running water. 


WATfc R 



Tig 15.11 Cooling Anangement m 
Rope Biakc 


Critical Speed of Pulley—In order to hold the water in the top 
portion of the channel, the centrifugal force acting on any particle should 
be greater than its weight. The lesultant foice would then act upwards 
and be equal to 

Centrifugal force—weight of water =*F w 

Now, F= — . o, 2 . R 

i 


wheie, R =mean radius at which water is revolving and w, the 


angular velocity— 


2n . JV 

60 


(jV is the speed of pulley in rpm) 



■ ( 


2n; . jV 
60 



.. (15.2) 


For critical speed, which is the minimum speed holding the water, 



F~ w~0 

or, 

(2% . JVV R , 
t 60 J ' g 

i c. 

60 / g 

A ‘ ni ~ 2% V R 


...(15.3) 


If the speed falls below its critical value, water inside the rim would 
not rise to the top. 


Problem 15.3—The rim of a braking wheel of a turbine is of 
channel section and its internal diameter is 18 in. Find the minimum 
speed in rpm at which the wheel will hold a layer of water one inch deep 
at the top of the rim. 


Solution 


i?=9 in. 


Depth of water layer at top=l in. 
Minimum radius at top, in. 


Now considering a water particle 8 inches vertically above the 
centre as a free body, for critical equilibrium : 

Centrifugal Force — Gravitational Force 
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Required minimum speed in rpm, 

JV= ^ • A / - ^ ^ = 66 4 rpm Answei 


15.21 Tesla Fluid Friction Brake —The apparatus consists of a disc 
keyed to the L shaft and moving with it, and a casing as shown in Fig, 
15.12. Space between the casing and disc contains water or any othei 



Fig 15.12 Tesla Fluid Fiiction Biakc* 

liquid. Casing carries a lever, the end of which balances against weights 
and is, therefore, at rest. Relative motion between disc and casing causes 
viscous forces in the water which aic utilised for braking the disc and the 
shaft. 


If shear stress, f 8 = ^ — \i 
dF=da ./, 


dN 

dy 


and area da — 2 . ( 2 tc . r . dr) considering both sides of disc, 
dN 

then, dF^ /i - j X 2 X (2n r . dr) 


Now, Turning Moment or Torque, 

dH 

dM t =dF . 2 X (2tc . r . dt) . r ... (15.4) 

M t =fdAr t 

and Power —Mi . o» 

This arrangement is suitable for power measurement when the speed 
N is high and the foice F is small. 

15.22 Froude Water* Vortex Brake— It consists of a rotating disc 
provided with several semi-elliptical blades forming brake chambers. 
The disc is keyed 04 the driving shaft of the turbine and revolves inside 
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a stalionaiy casing equipped with couritei blades piojecling inside tn 
foiin ling chambeis. Fig 13 1) shows a cilindncal section tlnongh the 

^ flexible metal hose Secf/op Q _ Q 

if . 

m water mlet Casino' 

a Seiler hi let r 

^ runner 

C^l „H ~~ 4 

G ^3= J i*- * r 


--B 33 a^ vt-f-, T 

\Yi 


- COCA /tfr 

Torque Regulation 


A # water Inlet m ring chambers 
B « AnzAe chambers 
C = wafer o^/et fae 

c/eow/jcc between runner and 
caring 


3!r ,3 

Cytindnca! sectiJn through the Lodes 


F-peripheral force \ywi 

j n brake lever n/ /, 

T - Tate [/ ^ 

G - F 1 7 * * weight m # 

/)£?/?. 




Fig 15.13 Fioude Watci Vortex Biake 

blades of the lunner and the casing. Water is supplied continuously 
through a flexible metal hose to the ring chamber of the casing at A and 
allowed to flow into the brake chambers of the disc, B. Air, which is 
supplied to the casing through a separate hose is also passed on to the 
runner. As the disc rotates, vortices and eddy-currents are set up in the 
water enabling the mechanical power to be dissipated as heat. 

Heated water etnerges at C , the clearance between runner and the 
casing (See Fig 15.13), The casing carries a lever balanced at (lie end 
against known weights as shown. 

Power delivered to the brakes by the prime-mover 

* 2it.jV . F. I Bun f„ „ _ 2k.N . F. I metrlc H pl 


33,000 


60x75 


P,X 33,000x60 


Heal generated per hour =-==g- BTU 

= 2,545 BTU per brake HP 
f Pt X 60 x 75 X 60. , 


= 633 k cal per metric HpJ 

This is the amount of heat dissipated in water. 

If the quantity of water supplied per BHP per hour in f H lb (or kg), 
rise in temperature 
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Estimating the permissible rise in temperatuie the amount of water 
required per BHP (or metiic HP) per hour is predetermined. 

This arrangement is, generally, used for prime movers having more 
than 500 HP, 

15.23 Torsion Dynamometer —This instiument is suitable for 
measuring power transmitted at high speeds but against a nearly constant 
load, 


In principle, it is a load measuring coupling inserted between the 
prime-mover and the driven machine. Torque is transmitted hy a steel 
bar capable of elastic deformation. The angle of twist of this bar, which 
is read by an ingenious stroboscope device, is a measure of the power 
transmitted. Accuracy depends largely on the uniformity of speed and 
torque. 

In practice, the elastic bar 1 (See Fig 15.14) is rigidly connected at 
the ends of two flanges 3 and 4 which are bolted to similar flanges on the 
driver and driven shafts. The bar is carried inside a sleeve 2 which is 
integial with the flange 3 at one end but free at the other. When power 



Fig 15,14 Amslri Tension Dynamomelei 

is being transmitted, both the bar and the sleeve rotate with the same 
speed but the load is taken by the bar alone. There is, however, a clutch 
arrangement so that the sleeve can take the load when it exceeds the 
elastic limit set for the bar. 

For measuring the angle of twist, three discs 5, 6 and 7 are provided, 
7 on the bar and 5 and 6 on the sleeve. The disc 7 carried by the bar 
is engraved with a scale known as fundamental scale which has widely 
spaced divisions. The disc 6 on the sleeve just adjacent to the former disc 

7 carries an index divided in tenths of a fundamental scale division as 
shown The relative shift of the zero marks of the two scales 6 and 7 
gives the angle of twist (see reading = 4’42 shown in Fig 15.14.) To enable 
this shift to be read the sleeve 2 carries another disc 5 noth a slot 8 in the 
line of the zero marks of the two scales when at rest. If a fixed source 
of light 9 illuminates the rest position of the two scales and a fixed 
observation instrument 10 is placed in front of the rest position of the slot 

8 on the third disc 5, when the three discs rotate, the observer’s eye will 
receive impulses of light of the same frequency as the rpm of torsion 
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meter. If this frequency is sufficiently high, persistence of vision will 
produce a static image and displacement of index 6 with icspect to funda* 
mental scale can be easily read. 

One precaution is necessary. The critical speed for vibration of 
the meter or the system of rotating parts as a whole must not fall in the 
w oiking range of the apparatus. 


Let angle of twist 

/=lengtli of shaft 

7 3) =polar moment of inertia oF section of shaft 
G~ Modulus of rigidity (=rV * E) 


Then M%, the turning moment or twisting moment 

_ 4 ■ G . $ 
l 


...(15,5) 


TC . 

(For a solid shaft of dia d i / p = ^ • d l ) 

or M t —k . 

I G 

where k ———is a constant foi a particular shaft. 

Now, HP—Mi . w 


The value of k is determined by the Gauss method of least squares. 
If 8 be the error. 




-(1) 


{M t -k . *0*-V 

...(2) 


(Mt n —k . $„) 2 =&n 


Now, 

T («*)•-/(*) 

1=1 





and 

2 (S.) J 

1-1 0 

Ik u 


whence k can be calculated. 



Problem 15.4 The horsepower of a turbine was found by observing 
that the angle of twist of a 20 ft long attached shaft at 480 rpm, was 
1*75°. The shaft, which was solid, had a diameter of 7 inches, and it 
was known that the modulus of rigidity of the material of the shaft was 
12,000,000 lb/sq in, Neglecting the effect of the end thrust, determine 
the brake horsepower of the turbine. 

Solution 


20 ft 


JV=480 rpm 
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$—1*75° 

G= 12,000,000 lb/sq in. 


d=l in 


<£=1 75x jqq = 0 0305 ladians 
Polar moment of inertia, 

32 -‘ , ‘—S x (n)‘- 00ll35f, ‘ 

G= 12,000,000 x 144 lb/sq ft 

. _ , r I v .G.<j> OOll35xl2xlO fl XH4xO‘0305 

.. Toique M*= / 2 0 “ ~ 


= 30,000 ft lb 
27 t jV 27r x 480 


60 


60 


= 50 2 i acl/sec 


Neglecting the effect of end thrust, the power 

P=M t . o>=30,000x50*2 ft lb/sec 


30,000 x 50 
550 


=2,740 HP 


Answet 


15.24 Measurement of Power with the Help of Electrical 
Epuipment —-A generator directly coupled to the turbine converts the 
mechanical energy delivered to the turbine shaft into electrical power, 
The output of generatoi is measured with the help of electrical meters, 
The tuibine pow.er is evidently equal to the sum of the geneiator output 
and the losses in the generator. 

Nowadays almost all electrical energy pioduced is AG 3-phase 
with delta or star connections. In India AG power is usually supplied 
at a frequency of 50 cycles per sec. 


Measurement of Electrical Power— 

DC Power— 

JV=E . / watts 
wheie 7?=voItage 

and /= current in amperes 

AC Power— 

HA- \ZlTT $ • 1 cos <js 

(for 3-phase supply) 

where ii=line voltage 
/= current 

cos <£ = line power factor 

fig 15.15 Connection foi Voltage and amperage for DC are measured 

DC Supply by a voltmeter and an ammeter. Connections 
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foi the same are shown in Fig 15 15, AG can be measuied with either 
two-wattmeter 01 three-wattmeter methods. 

In practice the former is generally employed. 

For connections See Fig 15.16. 

The electrical method is usually 
applied where powei and efficiency of 
actual turbines have to be measured. 

The opeiation is cariied out at the 

site after the turbo-units have been 

installed. The first tests after installa- rig 15 1G Connection of Tuo- 
tion are known as take-over tests. The Wattmetei of AC Supply 
manufacturer fulfills the guarantees offeied 




Fig 15 17 Water Resistance for DC Supply 
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to the customer at the time of submission of tenders, Since 
immediate consumers of electrical energy generated in take-over tests are 
not available, water resistance is employed as the load. Fig 15,17 
shows the arrangement of water resistance for DC. Metal plate electrodes 


movable plates 



S TATIONARY PLATES 

Fig 15.18 Chdi aciei Lslics of Fig 15 19 Connections For Y-Connected 

Water Xtrsistance Tinee-Phase, AC Supply 

are lowered in a large tank kept full of water by supply pipes* For a two 
inch (or 50 mm) separation between adjacent plates, the impressed current 
density is about 35 amp/sq ft (or 3.25 amp/m 2 ) at 220 V. Characteristics 
of water resistance shown in Fig 15.Ill is a curve obtained hv plotting 
I as a function of h 3 where I is the current consumed and h is the depth 
of plate under water, Connections for water resistance for AG are shown 
in Fig 15,19. 

15.25 Losses in a Generator —Power losses in a generator are 
classified as follows— 

a) Mechanical Losses— 

i) Bearing friction loss A P r 

ii) Air ventilation or windage loss A Pq 

b) Electrical Losses— 

iii) Excitation power in field coil, A P r 

iv) Copper loss, heating effect of current, &P G 

v) Iron losses or hysteresis loss, A Pg_ 

Total generator loss, 

A P G =AP G +&P G +hP G +&P Gi +AP G:] 

1- 5 

£ * p o, 

;=i 

If the output of the generator be P G and power supplied to it by 
the turbine is Pq , then 

p ^ at 

i~ i 
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p 

Efficiency of generator, _ G .. (15.6) 

G Input ‘ v ‘ * 

P G + S A P G 
1 = 1 1 

p r 

P G -- 

G ‘ Vg 

TABLE 15.6 

Practical Data for Efficiency of Generator 


P G (Alt') 100 

500 

1,000 

5,000 

10,000 

rj G (percent) 93 

94 

95 

96 

97 


Table 15 6 has been prepared on the assumption that power factor 
CO s$=l. In practice dV 0° and is less than what is given above. 

If the generator is coupled directly to turbine, there are no transmission 
losses between the two, and power given by the turbine on its shaft, 


15.26 Estimation of Turbine Efficiency —Power output of the 
turbine can be measured by any of the above methods. To determine its 
overall efficiency the rate of flow of water and total available head should 
be known. For methods of water measurement see Chapter 14A. Total 
head is the sum of the potential and kinetic heads. Potential head H' 
is equal to the height of the head race level above the tail race level. If 
v t and v d be the velocities of water at the head and tail races respectively, 


kinetic head 


available*^—— r— 
2 g 2 g 


Net head 


...(15.7) 

If water is conveyed through penslocks, the head loss due to friction 
is to be subtracted to obtain the net head. 

Gross available power, 

P a = w. d. II 


15.27 Turbine Losses -Energy losses in a turbine are divided 
under two heads : 

a) Mechanical losses— 

i) Bearing friction loss A P* 

ii) Ventilation and windage loss A Pt 
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b) Hydraulic losses— 

i) Wdtei head loss AP< g 

ii) Volumettic or water quantity loss A Pt A 
Total power loss in the turbine, 

AA Pt 

t-1 


A Power put into the tuibine shaft, P t =P a —APf 


Overall efficiency of tin bine, 

. _ Pi _ Pa-APt A Pi 

p p ^ p 

1 a 1 a 1 a 


But the turbine looses Acannot be directly estimated Thcrefoie 
the generator power and its losses are measured, whence the tuibine 
power, 



and then 



..(15.8) 


can be determined. 


Thus in order to calculate r lt , tlie iollowing must be measured : 
P G , AP g , (l> a t and a d 

Fiom Gi and the velocities 

0 i d 

Vi~ — , and Vfi= — 

oi a* 

can be calculated. 


C. Characteristics of Water Turbines 

15.28 Introduction— Machines aie always designed to work 
under a given set of conditions or a limited range of conditions. A turbine 
may be designed for some particular data say H 0i Q, 0 j and P* , but in 

practice it may have to be used under conditions different from those 
for which it is designed. Therefore the exact behaviour of the prime- 
mover under varied conditions should be predetermined, This is 
graphically represented by means of curves known as Characteristics of 
the turbine. Practical data for these curves aie obtained from experi¬ 
ments on models or actual sized machines. The model tests are conducted 
in research laboratories and actual tests on the site, Field tests 
pet Termed at the time of customer taking (he plant over from the manu¬ 
facturers are known as "take-over 55 tests Performance of the machine 
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should be upto the standaid specified in the tcndeis and all guarantees 
must be fulfilled. 

15 29 Measurement of Characteristics Data— following data 
have to be obtained fiom the test : 

1) Rate of flow of water, 

2) Net head, 

3) Available power, 

4) Brake horse power, 

5) Overall or final turbine efficiency. 

*) Rate of Flow : See Chapter 14 for methods of water measuie- 
ments. 

ii) Net Head : (See Fig 15.3 to 15.6) Different methods aie 
adopted according to the magnitude of head. 

a) Low Head Power Plants : Potential head is determined by 
measuring simultaneously the head and tail race levels Kinetic head 
is equal to the difference between heads by virtue of the velocities of 
approach and discharge respectively. Net head is obtained by adding 
the kinetic head to the potential head and subtracting the losses if any. 
Transmission losses may be caused by fiiction if water is conveyed 
through a penstock. 

b) Medium and High Head Plants : When these plants are 
closed-casing type, head can be measured with the help of a Piezometer 
tube, meicury manometer, Bourdon tube, pressure gauges etc. 

Hi) Available Power : 

n W.Q.H r D W.Q'H . TT t-j ** 

Ptt= —-HP | or P a — - 75 - metric HP 

where H is the net head. 

tv) Brake Horse Power P t : For different methods of measuring 
BPIP see Chapter 15B, 

p 

v ) Overall efficiency vp— 

15.30 Representation of Characteristics— The behaviour of 
a water turbine may be exhibited by the following curves : 

t) Main characteristics (constant head curves), 
ii ) Operating characteristics (constant speed curves), 

Hi) Muschel curves (constant efficiency curves). 

0 Main Characteristics or Constant Head Curves— The head 
is kept constant and speed varied by allowing a variable quantity of 
water to flow through the inlet opening. Thus a series of values of JV 
and Q,are obtained. For each value, brake horsepower is measured by 
braking mechanically or coupling with a generator. All the measured 
and calculated quantities are tabulated for each inlet opening as shown 

in Table 15,2. 
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H = CONST 

, 5 = 100^ 


S ■ 75% 


S"50% 




it 2.S e lo 


H = CONST 


5 = 2 5% 


0) G>.- f(N.) 



b; M, = f(N,) 


I* CONST 


-**N, 

a ) Q,-f(NO 



r-' ; s/o 


P --soVo 


P'25 7, 


--N, 

bj M, = f(N,) 


a H = CONST 


' H 00 °/o 


,$='00% 
.s- 7S°4 
s=so^ 
(S=2S?„ 




9 V f(Nj 


cons t_ ..,00^ 

5 ° */a >\ 


-- N, 

- Obt. 2'4 Nio 

c; ft. f (n.) 





Fig 15.20 Typical Main Characteristics 
(Constant Head Curves) of a Pel ton 
Turbine 


*> 7/ 


Fig 15,21 Typical Main Characteristics 
(Constant Head Curves) of a Reaction 
(Kaplan) Turbine 
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Fig 15.23 Typical Operating Characteristics (Constant Speed Curves) of a Water Turbine 




526 


HVt)RAtJLiG Machines 


The values of ££, JV*, M and P t are reduced to unit beach 

A new table containing these unit quantities is prepared for every 
inlet opening, as shown in Table 15,3. 

The following curves are then drawn by plotting values from 
different tables : 

di=/CA r i), (.A'i), 

Pt L =/ (JVi), and y) f -/ (#,). 

Fig 15.20 and 15.21 show the typical main characteristics of Pelton 
and reaction (Kaplan type) turbines respectively. The main characteristics 
of Francis type reaction turbine remain same except Q^ 1 =/(A 1 ) curves, 
shown in Fig 15.23. 

Curves can also be drawn showing Q, i> Afi> an d Y] t in percentage 

of their maximum values, as functions of speed J\\ in percent of normal 
designed speed, 

it) Operating Characteristics or Constant Speed Curves— 

When a turbine is working for the generation of power its speed must 
remain constant. The other operating conditions viz,, (land H may vary 
according to their availability. 

Tables obtained from brake tests are used again and the following 
curves (See Fig 15.23) are drawn : 

«) A, 

b) W(ft) 

c) W(% full load) 

Hi) Constant Efficiency Curves (Muschel Curves) Data for 
plotting these curves (Sec Fig 15.24) are obtained from the constant 
head and constant speed curves. The primaly purpose is to find out 



Fig 15.24 Typical Constant Efficiency (Muschel^ Outres for a 
Rcaclion Water Tvibme 

region of constant efficiency so that the turbine can always be operated 
with maximum efficiency. The curves are also helpful to the sales 
engineers in showing to the customers the exact performance of the 
machine at different efficiencies, 
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Problem 15.5 The following data are available fiom the main 
characteristics (constant head curves) of a Kaplan tuibine : 

Diameter of runner = 3ft (01 0■ 914 m) 

P ti = 7‘02 HP (or 42 8 metric HP), Qu = 00 cfs (or 3 09 m 3 ,sec), 
^*=35*1 rprn (or G3*7 rpm) 

Determine the runner diameter, the rate of flow and the speed of a 
geometrically similar turbine which works under a head of 90 ft (or 
27'4 m) producing 2 3 700 HP (or 2 } 740 metric HP). 


Solution 

Given two turbines such that : 
Z) a =3 ft (or 0*914 m) 

{P tl ) a = 7 '02 HP (or 42 8 metric HP) 

(Q^) a *=60 cfs (or 3 09 m 3 /sec) 
(jVi)a=35* 1 rpm (or 03*7 rpm) 

1 ft (or 0*3048 m) 


(P,),-2,71)0 HP (or 2,740 
metiic HP) 

(Q.W 

(.vw 

11, =90 ft (or 27'4m) 


Since the tuibines are geometrically similar : 
;') Specific powers aie equal. 




_ (A)« 

(Ptja 

i,e. 

Dh . IIP 

D 2 ,. . h) 

5 2 r 

ii) l 

Specific flows 

are equal, 



Q* 

a« 

(da. 

l \ B 9 

v H b 

^ 2 a • H a 

d * 0 

iii) 

Speed ratios 

are equal, 


i.e. 

[K Ul ) a ={K Ul 

■)*0 = 
V 

• JVa 

■ vsr 


...( 1 ) 

-( 2 ) 

.••(3) 


Now, from (1) by substituting the given values, 




D\ 

Hb 1 

0*914* 

27*45 


V 


2,700 9 

1W X ~ 


905 


'=2 ft Ans. 


=0'611 m Answer 


] 


Similarly, from (2), 

nz, _ 4 _ 

d^(di) a . gf • V#*=60 x t X VflO 

^=253 cfs Answer 
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r 0 fill 2 _ 

or 0^3*09 X Q 9iT 2 j X a/27 4 =719 m®/sec 

And, from (3), 

JV*»(JVi). . (§-“) . VS*-35-lXy x V90 

=500 rpm 


Answer 


or JV^=63‘7x 


X V27 4 =500 rpm Answer 


Problem 15 6 A Fiancis turbine gives the following perfor¬ 
mance : 

H=17*4 ft Q = 53*85 cfs, 

BHP-92‘77, RPM—204 3 

Diametei =31 in* and part of gate opening=0‘873 

a) Compute the efficiency and the speed tatio, 

b) Assuming the same wheel to opciate at the same speed and 
same gate opening undei a head of 50 ft, what will be the new RPM, 
££and IIP * Check the icsuIts by recomputing fiom the efficiency and 
speed ratio. 


Solution 


w . d . H 


550 X 

w . O H 


550x9277 
““ 62*4x53 85x 17*4 

or 87 2% Answer 


Speed ratio 


jf _ tc . D\ . N 
60 X \/2 g H 


raXf}_X 204*2 
60 x 8*02 X a/ 17*4 


= 0*823 Ansuer 


b) New speed under 50 ft head — 
Specific speeds in both cases are equal. 


or 




■ vp? 


™ (ft) ' (f ) 1 


; ,V ■ V7 J , 

//* 


Also, unit powers in both cases should be equal, as the only factor 
which changes is head. 

Pt' __ Pt 

(HV 
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or Pt r== -Pt • (^1") === 92'77x =450 HP Answer 

And substituting the values of P h P t \ H and H' in the above 
equation of N', 

.1 r ; 

JV=204'2 X ( 9 J 5 7 0 7 ) X (y-y^) ‘ =346 RPM Anuve, 


Further, sincej unit discharges aie equal, 



= 91'2 cusecs Answer 


Check—ZY 


and K u 

"i 


w . (T . H' 
550 


ic . D a . JV 
60x^2 gli 


62 4x91-2x50 . n _ n 

*“ 550 X0 S72 

— 450 HP (couect) 


7U X -jX 346 
60.<8 02 X V 50 


= 0*823 


(correct) 


Problem 15.7 The result of a test on water tuibine operating 
at full gate opening under a head of 17 J 3 ft (or 5*28 m) are given as 
follows : 


Unit Speed 

i 

FPS 

i 

36 1 

1 

40 

42 

i 

1 

44 

i 

46 

1 

i 48 

50 

52 

Metric 

65-4 

72*6 1 

i 

t 

76-3 

79-9 

83-5 

i 

1 87-2 

90-75 

94-4 

Unit Power 

FPS 

1 

2 78 

2 86 

2-885 

2 89 

2 87 

2 825 

2'75 

2 65 

1 


Metric 

16-8 

i 

17 25 

17-42 

1 

1 17-45 

1 

17-32 

17 06 j 

16 6 

16-0 

1 

a 

ft 3 /sec 

132 ' 

i 

129 3 

127-6 

125 8 

124 

122 

120 

117-5 

j 

jin 3 /sec 

3*74 

3-66 

36 

3 56 

3-51 

3-45 

1 l 

3'4 

3-32 


Plot graphs of unit power and efficiency against unit speed. If 
the turbine runs at a real speed of 200 rpm, find the power and efficiency. 
If the head is increased to 18 ft (or 5*5 m), the speed remaining the same, 
find the corresponding power and efficiency, 

(Punjab University — 1949) 


Solution 

Tuibine output Pt 




. H s 


Turbine available 


power P a — 


W.Q..H 

550 



w . Q.. H 
75 
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Turbine efficiency 


Pt 

Pa 


550xP (i . IP 550 XP ti . ffi 
w . Q. II ~ w . 


[' 


75 xP. . 7/ 2 . 


or v) t = 


or 


Y)( = 


/ 550 X II~ ' 

V- 1 -) 

\ W J 

K q, ) 


W . Q, 


550 X 17 3 2 2 78 „ „ 

X -TS7T =0 771 


132 


or 77 1% 


[ 


or 


75 X 5 28“ w 16 8 A ,, 10 . 1 

>I< ~ 1,000 X 3-74 771 01 77 1/ “J 


Similarly calculate the efficiency Y] t for each unit power and £>,> and 
tabulate the lesults are follows 


Ni 

FPS 

36 

40 

42 

44 

46 1 

48 

50 

52 


Metric 

65 4 

72 6 

76 3 

79 9 

83 5 

1 

1 

87 2 

90 75 

94 4 

Pt. 

FPS 

1 

2 78 

2 86 

2 885 

2 89 

! 

2-87 

2 825 

2‘75 

i 

2-65 

1 

Metric 

16 8 

17 25 

17 42 

17-45 

17 32 

17 06 

166 

16’0 

a 

ft 3 /sec 

132 

129 3 

127 6 

125-8 

124 

122 

i 

120 

117-5 

m a /sec 

3 74 

3 66 

36 

3 56 

3 51 

3 45 

3-4 

3 32 


77 l 

80 9 

82 7 

84 

84 7 

| 84-7 

83 85 

82 5 



30 * 35 40 45 50 55 


N, 


Draw Pt vs Ni 
and r\t vs JV 2 curves as 
shown in Fig 15 25. 


Now, jV=200 rpm, 

/. JVx---, =48 

17-3 1 


or Nr 


200 

5-28^ 


=87 


Fig 15 25 P ti & v) ( vs N y (FPS units) 






testing and characteristics of turbim q AND PI Mps 


531 


Find the values of P t and r i{ against j\ x —4o Tiom Fig 15 23 


[or 

and 

If 


Pi =2 825 oi P f =2 825 X 17 3~—203 5 HP Ansita 


P< 1 =17 07 oi F*—17 07 5 28 —207 metric HP Insitet] 

r u ~S 4 7% Ansuer 

H= 18 ft (oi 5 5 m) arid j\ — 200 ipm* 

JV,_ = 47 .| 5 
18* 4 


[or JV a =-~^=85 25 J 

P/ 1 (from Fig 15.25) = 2‘B45 FPS units (or 17*2 metric units) 

or P| = 2 845X 18 *=217 5 HP and r,* (from Fig 15 25)=-84 9% 

Answer 


[or P f = 17'2 X 5 5^=221 metric HP and yp—849% Answer] 

Problem 15-8 The head water surface and tail water surface 
levels in a water turbine installation are 170 ft and 150 ft above sea level 
respectively. The turbine is designed to run at a uniform speed of 75 
rpm under all conditions. 

The manufactures 5 tests under a head of 25 ft show that the turbine 
develops 2,000 HP at its maximum efficiency of 87 %. The computed 
values of unit speed JV \ and unit power P 1 in percentage of normal values 
and the efficiency y) m percentage of the maximum efficiency are 
tabulated below : 


Units speed J\f 1 in % 
of normal value 

60 

70 

80 

90 

100 

110 

i20 

130 

Unit power P j in % 
of normal value 

73*5 

82 0 

90 0 

96-5 

100 

99 5 

99 0 

- 

90 0 

Efficiency T] in % 
of max value 

1 

8° 

88 | 

1 

94 

98 

100 

1 

99 

j 

94 

85 


Calculate the HP and Q of the turbine under normal working 
conditions. ( UPSC -- Jan 1953) 


Solution 

H u , t =25 ft #«om<.i=170—150 = 20 ft 

Pt(tast) =2,000 HP N=75 rpm (constant) 

v)j t «< = 87 % 

Designed speed JV=75 rpm and tested head=25 ft 
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—■"* 0 

Fig 15,28 Main Ghaiactevislics of a 
Centrifugal Pump (a) H vs Q, (6) HP vs Q 
and (c) V) va Q 


steam turbine. Pumps em¬ 
ployed for irrigation purposes 
have to be installed in remote 
villages often having no electric 
power. Driving unit in such 
cases is a diesel engine, The 
pump may be coupled to the 
engine of a tractor which may 
be used for both"ploughing and 
pumping. Smaller engines con¬ 
sume petrol while larger ones 
use diesel oil. 

In such circumstances it 
is advantageous to know the 
performance of a pump at 
different speeds and this is best 
seen from the main charac¬ 
teristics. 

A typical set of main 
characteristics is shown in Fig 
15.28. 

15.33 Operating Charac¬ 
teristics : During operation 
the pump must run constantly 
with the speed of the driving 
unit. Normally, this is the 
designed speed. That parti¬ 
cular set of main characteristics 
which corresponds to the 
designed speed is mostly used 
in operation and is therefore 
known as the operating charac¬ 
teristics (See Fig 15,27). 


These curves are said to be rising, flat or falling characteristics 
respectively according as the head increases, remains more or less 
constant or decreases with increase in rate of flow. It depends upon 
the outlet vane angle 3?, Ordinarily pumps have falling characteristics 
(See Fig 15.29), 
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15.34 Muscliel Curves 
or Constant Efficiency Cur¬ 
ves —With the help of data H 
obtained from the above cur¬ 
ves a series of constant effici¬ 
ency curves can be drawn (See 
Fig 15.30). They facilitate the 
job of the salesman and enable 
the prospective customer to 
see directly the range of opera¬ 
tion with a particular effi¬ 
ciency. They serve as a suit¬ 
able basis for a comparison of 
pumps* specially from a com¬ 
mercial point of view. 



Fig 15.30 Constant Efficiency or Muschcl 
Guives of a Centrifugal Pump 


15.35 Constant Head 
and Constant Discharge 
Curves —It is quite possible 
that a pump may be required 
to deliver water at a certain 
height, in which case H is fixed. 
If for some reason the speed 
varies, discharge will also be 
affected. In order to pre¬ 
determine the performance of 
the pump rfnder such condi¬ 
tions, it is necessary to draw a 
constant H curve by plotting 
a vs A* (See Fig 15.31). 



Similarly, to determine the speeds required to discharge a certain 
quantity at different pressures or to find the variation of H with J\, it 
is convenient to draw constant & curves showing H against A (bee 
Fig 15,31). 
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UNSOLVED PROBLEMS 
A. Testing of Turbines and Pumps 

15.1 What are the purposes of testing of the turbines and pumps ? 

15.2 What are testing codes? What do they contain and for what 
purposes are they used ? 

15.3 What are acceptance or take-over tests? What is the necessity 
of their performance ? What steps are taken to carry out such 
tests ? 

15.4 Define model tests ? What is the general size of a model tuibine ? 
Describe briefly the piocedure to carry out sucli tests for tuibines 
and pumps. 

15.5 What is the necessity of equipping the manufacturers’ works with 
a test bed ? Why are different test beds needed for each type of 
tuibine and pump ? 

15.6 Explain briefly “Aeiodynamic Test Bed” and “Cavitation Test 
Bed.” What is the time of exposure for taking cavitation photo¬ 
graphs ? 

15.7 Desciibe biiefly the lay out of a test bed for— 

a) Felton Turbine 

b) Reaction turbine 

c) Centrifugal pump. 

15.8 What is the correct factor which is applied for calculating the 
net head for a pump, if the suction pipe diameter is bigger than 
the delivery pipe diameter ? 

15.9 Why are D.G. motors used for chiving the test pumps ? 

15.10 State the precautions taken while connecting gauges to the suction 
and delivery pipes, 

15.11 The discharge through an experimental Pelton wheel installed in 
a laboratory is to be accurately measured. What type of meter 
or meters would you propose for the purpose ? If the discharge 
is to be 600 gallons per minute, give an approximate size of the 
apparatus that you would recommend. 

Give a neat sketch of the layout of an experimental Pelton 
wheel for a laboratory. (Madras University—Sept 1952) 

15.12 A test bed for testing of centrifugal pumps for their characteristics 
at different speeds, heads and discharge, has to be fitted up with 
the necessary drive, measuring instruments etc. The ranges of 
speed, head and discharge are 600 to 1600 rpm, 20 to 100 ft 
and 200 to 600 gallons/min respectively. 

Make a neat sketch of the test bed you would propose with 
all the apparatus and give, in a tabular form, the list of equipment 
and measuring apparatus you consider necessary. 

Give the size and capacity of each of these items so that the 
bed will be able to take all pumps within the above range. 

(Madras University—March 1952 ) 
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15.13 Describe the procedure of testing a water tuibine in a laboratory. 

15.14 Which are the data required to be measured while the experiment 
is being performed . J Give the infomiation in a tabular form. 

15.15 Which are the data required to be measiued befoie the experiment 
is started , Explain how each of such information is used for 
calculating various other data, 

15.16 Name the instruments which should be calibrated before the 
experiment is performed. 

15.17 How is the effective or working head on the turbine deteimined ? 
State the difference in calculations if the turbine is reaction or 
impulse. 

15.18 State how is the overall efficiency of water turbine determined 
by brake test, 

15.19 Why are the turbine data finally calculated at unit head ? 

15.20 Explain the procedure of Testing for pumps in a laboratory. 

15.21 Name the items to be checked before the pump is tested. 

15.22 Explain how is the overall efficiency of a centrifugal pump 
determined, Draw a table for such a pump test. 

B, Measurement of Power and Efficiency 

15.23 What are the different equipments used to find the power and 
efficiency of a water turbine ? 

15.24 How would you measure the power and the efficiency of a turbine 
with the help of Prony brake ? 

15.25 Where do you employ torsion dynamometer and rope dynamo¬ 
meter to measure the power of prime movers ? 

15.26 Sketch and describe one form of torsion dynamometer and explain 
how the HP transmitted is calculated. 

15.27 Which one of the two methods for power measurement is more 
accurate— a) Electrical or b) Mechanical. 

15.28 Describe briefly how will you measure the power and the efficiency 
of power unit by means of electrical generator, Where would you 
use this method in practice ? 

15.29 A Prony brake of the type shown in Fig 15.8 was used to measure 

the power output of a turbine running at 180 rpm. The gross load 
on the scales during the test was 58 ib and the tare weight 12 lb. 
a) What is the brake constant ? b) What is the HP output of the 
turbine? The brake pully has a diameter of 20 in. and leverage 
is 21*7 in, (0-000342, 2*84 HP) 

15*30 A test of power and efficiency for a water turbine is made by 
connecting the prime mover to an electrical dynamometer which 
operates as a generator. The frame or stator of the dynamometer 
is mounted independently of its rotor in bearings which are co-axial 
with those of the rotor. In this way a direct measurement of the 
torque on the rotor developed by the generation of electric current 



538 


HYDRAULIC MACHINES 


may be made. The electrical energy generated is converted into 
heat by passing the current through electrical resistors. In the 
particular test involved the speed of the turbine is 500 rpm. The 
force measured during test is 22 lb and that due to the imbalanced 
weight of the stator alone with the motor disconnected is 4 lb. The 
turbine consumes 0 294 cusecs while vvoiking under a head of 110 
ft. The leverage of the dynamometer is 18 in. The turbine is 
directly connected to the d>namometci. Find the HP and the 
efficiency of turbine, (2'57 HP, 70%) 

15 31 A Peltoa wheel vvoiks under a head of 394 ft and the mean 
diameter of the wheel is 3*8 ft, Duting a brake test in which 
the needle valve is kept fully open it is found that when the wheel 
is brought completely to rest, the torque on the shaft is 2,170 ft lb. 
Estimate the speed and power of the wheel when running under 
its normal wot king conditions. ( Madras University—Sept 1957) 

13.32 In a Pelton wheel the water is turned in the buckets through an 
angle of 165°, the diameter of the wheel is 2*75 feet and the 
velocity of the jet 160 feet per second. The Pelton wheel is tested 
with the needle valve fully open and at speeds varying from 0 to 
200 RPM. 

Plot graphs showing the relation between (<i) the wheel speed 
and the thrust on the buckets and ( b ) the wheel speed and 
the efficiency, taking at least three different speeds within the 
range. 

Calculate the speed and the power of the wheel when working 
under the condition of maximum efficiency. 

{Math as University — Sept 1951) 

C, Characteristics of Water Turbines 

15.33 Draw the main characteiistics of a reaction watei tuibine. 

15 34 What is the difference between the main and the operating 
characteristics of a water turbine ? Draw a set of such curves for 
a Pelton turbine. 

15.35 Draw the following chai acterisiics cuivcs of a Kaplan turbine : 

i) Pi VS Nt ii) P, vs a (AMIE—May 1955) 

15.36 What are the different characteristic curves of a water turbine? 
Draw the following typical cuivcs for a Pelton turbine ? 

0 P t vs Q ») r){ vs d (Jadavpur University—1955) 

15.37 Describe the method of preparing the characteristic diagram for a 

turbine when the co-ordinates are ‘unit speed 1 and ‘unit power 1 . 
What is the use of such a diagram ? (AM1E—May 1954 ) 

15.38 What are constant efficiency curves of a water turbine and where 
are they employed ? 

15.39 What is the difference between (?,i ~/(A'i) curves of Francis and 
Kaplan turbines ? 
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15.40 In a series ofbiale tests of a small Pci ton wheel the following 
tabulated results were obtained : 


w 

6-5 

1 

5‘7 1 5*4 

4- 7 

'4 4 3-5 

2 9 

‘21 1 

i 

1 

0 

X\ 

i 

960 

1,360 , 1,480 

i 

; 1,800 

t 

1,900 j 2,240 

1 

2,520 

1 

2,800 3,280 

3,580 


Where TP= effective load in lb on biake lever at 12 in. fiom the 
axis of wheel, and jV~ speed of wheel in rpm. Tlie weight of 
tvater used in each test was 41 5 Ib/min, and the piessure of watei 
■was 700 lb/sq in. in the pipe behind the onfice. The diameter 
of orifice was 0*0835 in. Complete the above table by adding 
BHP and the efficiency in peicent. Plot HP and efficiency on a 
speed base. 

Scale HP 2 in. = l PIP 
Y) 1 in. —20% 

jV 1 in. = 500 rpm 

State the maximum HP and maximum efficiency. 

(1*6 HP ; 79%) 

15 41 a) When an impulse turbine runs at constant nozzle opening under 
constant head, its performance will be affected by the speed in 
rpm. Show these variations, for idealized conditions, by 
sketching graphs between rotational speed and (i) toique, 
(ii) efficiency, and rate of flow of water, for a range of speeds 
from zero to maximum. 


b) In an actual Pelton wheel installation, the turbine gives a 
maximum efficiency of 86% when running at a speed of 500 
rpm, under a head of 800 ft. Assuming the speed and nozzle 
opening to remain unchanged, and the efficiency curve to be a 
parabola over the speed-ratio range considered, make a close 
estimate of turbine efficiency when the head is [a) 600 ft and 
(b) 1,000 ft. 

(84 and 85*1%) (Jadavpur University — 1960) 

[Hint : The efficiency-unit speed curve being a parabola, 
the maximum efficiency occurs at half the runaway 
speed.] 


Operating unit speed 

_ ^ 500_ 

' Vboo 


17-65 


Unit speed at which the efficiency is required 
500 


V 600 


; = 20-4 and - 5 ~=15-8 

VI ,000 


540 


HYDRAULIC MACHINES 


at points C and D in Fig 15.32. 

Equation of paiabola : ax 

At point C, v=CP=20 , 4 — 17 , 65 = 2‘7 o 


/. 2'75 a — (2 X 17-65)* (V AB = 4a=2x 17*65) 



or 


CL= 


.v=0‘201 
2 x 17 65 


but OP .± X '] 65 
4 


0*201 =*= 8 ■ 624 
r 8‘025 units 


which couesponds to 86% 
Efficiency at GOO ft head 

= ^X860/ 0 


8'624 

8-825 


X 86=84% 


rig 15 42 Eflii ieit< y vs 
Unit Speed (Parabola) 
emve of Pclton Tuilnne 


Similarly find DM and then the efficiency 

at 100 ft head, 


D, Characteristics of Pumps 

15.42 What are the characteristic curves of a centrifugal pump ? 

15.43 Draw the operating characteristics of an ordinaly centrifugal 
pump. 

15 44 What are the constant efficiency curves of a centrifugal pump ? 
Are there similar curves for the turbines too For what purpose 
are such curves used } (Jadavpta University — 1954) 

15.45 What is the use of constant head and constant discharge ciuves ? 

15.46 Show on a sketch of the constant speed characteristics of a centri¬ 

fugal pump how an increase in the friction head due to the forma¬ 
tion of scale in a long delivery pipe affects the performance of 
the pipe, [AMI Mech E {Loud)—Oct 1958 ] 

15.47 A test on a single stage centrifugal pump when running at 1,000 
rpm gave the following results : 


Discharge 

i 

1 0 

1,000 

2,000 

2,500 

3,000 

! 

3,500 

4,000 

fgpm 

Total head 

i 

122 

117 

111 

106 

96 

82 

62 

ft 

; " i 

Shaft input 

75 

80 

93 

98 | 

105 

110 

112 

HP 
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Plot curves of total head and efficiency to a base of discharge 
and find the specific speed at the best efficiency. 

It pumps water from a river to reservoir through a pipe 12 in, 
diameter and 1,000 ft long, having co-efficient of friction O'006. 
The difference of levels between the river and the reservoir is 
60 ft. 

Plot the curve of total head of the main for the above static 
head against discharge base and so find the head, discharge and 
efficiency at the operating point. 

[Efficiency 0, 44*3, 72'4, 82, 83*1 (max), 79, 67*1 HP] 
j\®=*2,860 

Hlota I ^ Uatal + 7/ r +JT”* 

L f lg 


0, 1 

500 

1,000 

2,000 

3,000 

4,000 

5,000 

gpm 

I I total 

63-95 

75 SI 

123-4 

174-24 

313 I 

1 1 

455 

ft 


This Q vs H t0 iai curve intersects the first H vs Q, curve at the 
operating point where Qj= 1,830 gpm, //= 112’5 ft and v)=70%) 

[Jadavpur University — 1956) 

15.48 A pumping installation consists of two identical constant speed 
centrifugal pumps working in parallel and forcing water through 
a single pipeline against a static or dead head of 56 meters. The 
head discharge characteristic curve of each pump can be repre¬ 
sented by the equation : 

H = 128-PM(l~108f) 2 

Where H is the manometric head in meters and (7 is the discharge 
per pump in m 3 /sec. 

The pipeline is 826 meters long and 0 6 meter in diameter * 
its frictional co-efficient i f z can be taken as 0*0045, 

Estimate the discharge through each pump and through the 
pipe. 

{Note : ^=9*81 ml sec 2 ) 

(0'691 and 1*382 m 3 /sec) [AMI Mech E (Lond) —Oct 1958 ] 

15.49 Explain the head-discharge characteristics of two similar centri¬ 
fugal pumps with different impeller blade angles at outlet 
only. 

In a pumping station there are two units whose head-discharge 
characteristics at their constant working speeds can be represented 
by 77=132 + 150^—1160,,^ where 77 and Q+ave their significances. 
The pumps deliver into a single pipe line in which the static head 
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is 46 meteis ; the pipe is 0 6 m diameter and 890 m long and the 
value of the pipe co-efficient is 0 005. Compute the total discharge 
through the pipe, if the pumps were ai ranged— 

i) In parallel, 

n) In series. Neglect velocity head. 

(.Madias University—March 1955 ) 
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CHAPTER 16 

HYDRAULIC SYSTEMS 

16.1 Hydiauhc System (Il)cliostatic and Hydio-kineLic &\items) 16.2 Rotdiv 
Positive Displacement Pumps for Hydiostatic S>stems 16.3 CJUsSification ofRotaiy 
Pumps 16.4 Constant and Variable Delivery Pumps. 

Constant Delivery Pumps 

16 5 External Type Geat Pump 16.6 Internal Type Geai Pump 16,7 Sucw Pump 
1G.8 Vane Pump 16.9 Radial Piston Pump. 

Variable Delivery Pump 

16.10 Rotary Piston Pump 16.11 Radial Piston Pump. 

Hydrostatic Systems 

1G.12 Functions of Hydiostatic Ssstem—Actuation of Mtclianical Control, Foice 
Multiplication and Ti an ^mission and Contml of Puuei 16.13 Methods of Conliol— 
Constant and Vanable Deliveiy S\stems 16.14 Ilsdiaulic Priss—Principle and Essen¬ 
tials of H}diaulic Preis 16.15 H\diaulic Ciane 16 16 Ilydiaulic Lift 16.17 Hsdiaulic 
Jack 16.18 Hydiauhc Rivetlei 16.19 FiChSiuc Accimiulatui 16.20 Piessme Intrnsi- 
fic i 16.21 Fill'd Dikes Jin Machine Tools 16.22 Hydiauhc Shapci 16.23 Suiface 
Guilder 16 24 Milling Machine 16.25 Tail Stock 1C.26 Some Moie Applications 
of Hydrostatic Transmission—Ilydiaulic Deck Machinery, Agiicultuial Machineiy, 
Road and Rad Traelion and Lifting Equipment. 

Hydro-kinetic Systems 

1G 27 Hydio-kinelic System and its Applications 16,28 Fluid or Hydiauhc 
Coupling 16.29 Fluid or Hydraulic Toique Convertei 16.30 Fluid Tiansmission of 
Power in Automobiles—Fluid Biakes in Automobiles. 

16.1 Hydraulic System— Hydraulic System is a circuit in which 
force and power are tiansmitted through a fluid, generally an oil. 
Hydraulic systems may be divided into two groups, the hydrostatic and 
hydro-kinetic. 

Hydrostatic System is that in which the primary function of 
hydraulic fluid is the transmission of force and power by pressure, A 
hydrostatic system consists essentially of a pumping unit, a hydraulic 
motor and connecting leads which form a circuit between the two main 
components. The pumping unit transmits fluid pressure and is, there¬ 
fore, known as transmitter. The hydraulic motor which receives force 
and power by means of fluid pressure is known as receiver . 

Example : A pumping unit operating a hydraulic press. In this 
case the pumping unit is a transmitter and hydraulic press is a receiver. 
The work done by the pump is utilised for displacement of oil against a 
force which arises from resistance to motion of the plunger in the 
hydraulic press. 

Hydro-kinetic System —The purpose of a hydio-kinelic system is 
to transmit power and the required effect is obtained primarily by virtue 
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of changes in velocity of flow of the woiking media and changes of 
pressure are avoided as far as possible. 

A hydro-kinetic transmitter consists essentially of a centiifugal pump 
or impeller mounted on the driving shaft and an oil tuibine or lunner 
mounted on the diiveu shaft. Power is transmitted from the driving to 
the diiven shaft through citculation of oil between the impeller and the 
runn.i. 

Example : Hydraulic coupling and torque converter. 

16.2 Rotary Positive Displacement Pumps for Hydrostatic 
Systems - Reciprocating, centrifugal and othei types of pumps dealt 
with in Chapters 11, 12 and 13 are usually employed as water lifting 
devices where large volumes have to be handled. In the oil hydraulic 
field, however, rotary pumps are used, for they develop very high 
pressure. 

A rotary pump is a positive displacement pump with a ciicular 
motion. In outwaid appearance, it lesemblcs a centrifugal pump. But 
it differs fiom a centrifugal pump in action. While it continuously scoops 
the liquid out of the pump chamber, the latter only imparts a velocity to 
the stream of fluid, 

16.3 Classification of Rotary Pumps — 

Rotary Pump 


Constant Delivery Pump Variable Delivery Pump 


Gear Screw Vane Radial Sliding Seated Valve 
Pump Pump Pump Piston or Rotary or Radial 
| Pump Piston Piston 

| | Pump Pump 

External Internal 
Type Type 

16 4 Constant and Variable Delivery Pump— Constant delivery 
pump is one which has a continuous discharge of liquid at a uniform rate 
of flow whereas a variable delivery pump has a continuous discharge of 
liquid at rates of flow varied as required. Selection of pump depends 
upon the nature of duty of the hydraulic leceiver or motor. When the 
receiver or motor operates continually at varying speed or with movement 
varying in extent, variable delivery pump is usually employed. The 
construction of variable delivery pump is complex and as such these 
pumps are more costly than constant delivery pumps. Therefore, 
constant delivery pumps are used to give variable delivery by the piovi- 
sion of variable speed control gear for the driving motor, or by regulating 
the flow of liquid by means of valves independent of pump. 

Constant Delivery Pumps 

16.5 External Type Gear £ump (See Fig 16.1 77 , b )—A single-stage 
external type gear pump consists of two identical intermeshing spur 
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wheels woi king with a fine clearance 
inside a suitably shaped casing. One 
gear is keyed to the driving shaft of a 
motor and the other revolves idly. 
Oil is entrained in the spaces between 
the teeth and the casing and is carried 
round between the gears from the 
suction port to the discharge port. 
It cannot slip back into the inlet side 
due to the meshing of geats. 




Fig 16.1 (1>) External Type Gear Pump—Sectional View 

If a ~area enclosed between two adjacent teeth and casing, 

/—axial length of teeth, 

M=number of teeth in each pinion 

and jV=speed in rpm, 

then, volume ofliquid pumped in one revolution = 2 . a . I . n 

/. Total or ideal discharge— — a 'J ' n * ^ 

* 60 


If y]q be the volumetric efficiency, the actual discharge, 


a- 


2 , a . I, n m Jf 
60 




*"( 16 . 1 ) 


The thicker the fluid, the higher is the efficiency 


If it is difficult to determine a, the area enclosed between the teeth 
and the casing, then the following empirical relation could be used for 
finding the volumetric displacement of pump per revolution j 

(7=0 95 % . c . (D-c) . / (16.2) 

where centre to centre distance between axis of gears, 
and Z>=outside diameter of gears. 
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Furthei, n the number of teeth in the gear is related to latio —. 


TABLE 16.1 


n 

7 

10 

13 

18 

1 

D 

1'28 

1*21 

i 

1*13 

1-12 

c 






Problem 16.1 A gear pump works against a total pressure of 
90 Ib/sq in. delivering 85 gpm of oil of specific gravity 0'92, when 
running at 720 rpm. The volumetric efficiency of the pump is 95% 
and its overall efficiency is 50%. The length of gear wheels is 1'5 times 
their outside diameter. Find the outside diameter of wheel and the 
horsepower input of the pump. Assume each gear has 12 teeth. 


Solution 

/i=90 Ib/sq in. 
Spgi=0-92 
y]q =0'95 

/•=• 1 *5 D 


Q,= 85 gpm 
,/V=720 


H= 12 


Take the value of ratio — = 1*18 from Table 16*1 

c 


q per 


revolution =- 


85 X 10 

62* 4 X 0 92 x720 


= 0 00205 cu ft 


or 0-00205X 1,728 = 35-6 cu in. 

.*. 35*6=0*95 Xtr .c ,[D-e) . I 

=0'95x it X x(D- )xl*5£ 


01 

or 




35'6 x l*18x 1*18 
0 7 95xvrx 0*18X1*5 b 


D^S'96^4 in. Answer 


A single gear pump can build up pressure as high as 2,000 lb/sq 
in* (or 140 kg/cm 3 ). However, due to the possibility of internal leakage 
it is generally used for a delivery pressure upto 400 Ib/sq in. (or about 
30 kg/cm 2 ) only. Gear pump finds its application in machine tools 
drive using oil at relatively low pressure, for combined lubrication and 
hydraulic control systems of water turbines, steam turbines and other 
machines. 


Fig 16 1 shows. a pump having straight spur wheels, which make 
noise because the oil trapped between intermeshing teeth cannot easily 
escape. To avoid this difficulty single helical or double helical teeth 
gears are used* They run quieter at high speeds. 

The gears of such pumps are generally external ; however, internal 
gears are also used in exceptional cases. 
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16.6 Internal Type Gear Pump —Fig 16 2 shows an internal 
spur gear pump. The idler which is an internal gear meshes with the 
driving gear. The space between the outside diameter of diiving gear 
and the inside diameter of idler is sealed by a crescent shape projection 
which foim a pan of the covei. 


r Si-iAF T 



The driving gear gets its motion from the driving motor. As the 
teeth come out of the mesh, there is an increase in volume which creates 
a partial vacuum. Liquid is forced into this space by atmospheric pressure 
and stays in the spaces between the teeth of the driving gear and idler 
until the teeth mesh when* the liquid is forced from these spaces and out 
of the pump. The pump can be reversible if a provision is made for 
swinging the crescent through 180°. 

16.7 Screw Pump (Fig 16,3)—Screw pump consists of a rotor 
or screw to which the source of power is directly connected. Unlike 
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gear pump the rotors of screw pumps are extended and are of smaller 
diameter. The screw may be double helical (right and left hand) or 
single helical (one hand only). The advantage of double helical is that 
they are balanced axially. The fluid is carried foiwaid to the discharge 
along the rotor in pockets formed between teeth and the casing. 

There may be one, two or three screws. In a 2-sciew pump one 
is a rotor and the other is idler. In a 3-sciew pump there are two 
idlers on either side of the rotor. Two idlers act as seals to the 
power rotor and are driven by fluid pressure and not by metallic contact 
with rotor. The liquid entering the inlet passage divides and flows to 
the two ends of the rotor where it is trapped in pockets formed by the 
threads and is carried towards the discharge, like a nut on the power 
screw. 

Advantages s 

a) Screw pump operates upto a continuous working pressure of 

2,000 lb/sq in. (or 140 kg/cm 2 )- 

b ) The screw pump is free from turbulence and pulsation, 

c) The rotors of a screw pump are balanced dynamically, the pump 

is silent and free from vibration while running, 

d) Screw pump is especially suitable for operation at high speed and 

thus can be directly driven by an electric motor or steam 

turbine running at 3,000 to 4,500 rpm. 

16.8 Vane Pump— Vane pump consists of a rotor disc having a 
number of slots into which fit sliding blades or vanes (See Fig 16.4). 


ROTOR 


DISCHARGE 


CYLINDRICAL 

CASING 


Fig 16.4 Vane Pump 

The rotor turns in a casing which is bored eccentric to the driving 
shaft the vanes are free to slide radially with the help of springs and 
thus form the required seal between the suction and discharge connec¬ 
tions, When the rotor turns, the liquid flows in between its side and 
casing and is trapped by the vanes, which force it from inlet to discharge. 

Fig 16.5 shows a modified form of vane pump. The rotor fitted 
with vanes is supported by bronze bushes. These are integral with plates 
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constraining the rotor and vanes 
axially. Drive is by means of 
the splined shaft carried on ball 
bearings. The sleeve, machined 
oval internally, surrounds the 
vanes. The suction and delivery 
connections respectively, com¬ 
municate with two ports, dia¬ 
gonally opposite in the plate 
valve. Thus the rotor is hydra¬ 
ulically balanced, and the poc¬ 
kets between the vanes undergo 
two cycles of expansion and 
contraction during each revolu¬ 
tion. Therefore this type of vane 
pump will handle twice the 
amount of fluid handled by 
simple vane pump shown in 
Fig 16.4. 

Advantages ; 

a) Single stage vane pump 
can be used for oil pres¬ 
sure of 250 to 1,000 lb 'sq 
in, (or 17*5 to 70 kg/cm 2 ) 
continuous rating. Two- 
stage pump can operate 
at 2,000 lb/sq in. (or 140 
kg/cm 2 ). Fig 16,5 Vane Pump 

b) Wide range of application, especially for machine tools. For 
industrial equipment the vane pump is possibly the most 
used at the present time. 

16.9 Radial Piston Pump —Radial piston pump consists of a 
number of cylinders disposed radially about an eccentric on the driving 
shafL. T he rotation of shaft causes reciprocation of the pistons. The 
demand for operating pressures abo\e 1,000 lb/sq in. (or 70 kg/cm 2 ) 
was responsible for the design of such a pump. Operating pressure upto 
6,000 lb/sq in. (or 420 kg/cm 2 ) could be produced with a very high speed 
and volumetric efficiency. This is mainly due to the spherically seated 
valve used in the pump. 

Fig 16.6 shows a radial piston pump manufactured by Automotive 
Products Go Ltd, The oil enters the pump through inlet connection 
A and passes through inlet port B to reach an annulus in the end cover 
which forms a part of the pump chamber. The cylinder blocks C are 
bolted to the end cover and have inlet ports on the opposite side. Oil 
flooding the pump chamber reaches the inlet ports by way of annular 
clearance space inside the casing D. Each outlet port in the high 
pressure end cover leads to a spring-lpaded non-return valve E communi¬ 
cating with the outlet connection G. The piston is moved through its 
suction stroke by two retaining rings which engage flats on the piston 
driving pins. These fit in slippers which transmit thrust to and from a 
bearing ring mounted on needle rollers on the eccentric. Two roller 
bearings carry the shaft. Output is about 70 cu in./min (or 1150 
cm a /min) at 3,000 rpra. 
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l 7 ig 1() () Radial Piston (Constant Dtlivny) Pump 
(MdnuKictuicil by Automotive PiutUit is Co Ltd) 

VARIABLE DELIVERY PUMPS 

16.10 Rotary Piston Pump—Fig 16.7 (a) shows a rotary piston 
pump, It consists of a cylinder body A having a number of radial 
pistons (in this case 5). The 

cylinder body rotates about 1 

a fixed control cylindrical 
valve axis D. The valve has 
sucLion and delivery open¬ 
ings. The pistons are con¬ 
nected to a floating ling B 
Which is driven by the shaft 
C . The valve axis D is fixed 
to a swing arm E and can be 
adjusted to the piston corres- ^, 
ponding to the desired out- * 
put with hand wheel F . As 
in a vane pump, the fluid 
volume pumped depends 

upon the degree of eccentri¬ 
city. 

Working Principle — 

The floating ring B is driven 
over the shaft C in the direc¬ 
tion shown in Fig 16.7 (/;), 

As the axis D is made 

eccentric, the pistons move /"‘X 

to and fro. Piston 1 moves * vL/ 

outward as shown by an |[ 

arrow and sucks the oil. r 

Suction takes place in all Fig 16.7 (!.) Rot.my Piston Pump 





Fig IG 7 («) Rolai> PisLon Pump 
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pistons above the centie line X'X f . Below the line A"A", cleliveiy takes 
place for the pistons 4 and 5 moving imvaicL The pressure generated is 
about 1,000 Ib/sq in. (or 70 kg/cm 8 ) when tunning at 860 rpm. 

Advantages —The oil flow can be regulated in both positions 
positive as well as negative (reverse direction), which is very useful in 
machine tools, 


l 



Tig 10 0 (a) Radial PisK n (Vaiiablc DcJivei}) Pump 


16 11 Radial Piston Pump— Fig 16.8 (a) shows a ladial piston 
pump for vaiiable discliaigc. In this case the regulation of dischaige is 
not effected by shifting the valve axis as in the case of rotaiy piston pump 

P (Ait 16.10) but, by the 

f floating ring with which 

the pistons move ecccntii- 
cally. The valve axis A is 
- ' fixed to the casing and 

'/in. canies the cylindei body B. 

\y/ The suction and delivery 

n// pipes are bored axially in 

y the valve axis. 

Working Principle: 

[/ The cylinder body B is 

'jU-A driven by the shaft C. The 

floating ring rotates in the 
; outer ring which can be 

X shifted horizontally in the 

" —casing to obtain the requir- 

Pig 16 8 (h) Radial Piston (Vaiiable Delivetv) Pump ed . eccentricity for the 

variation of discharge, 








tlYDRAtJLIC SYSTEMS 


I)3f> 

* In Fig 16.8 (A), piston 1 has finished its delivery stroke and would 
move outwards by further rotating the floating ring (see piston positions 
2 and 3) which means it would commence sucking. Below the centre 
line XX the motion is reversed and the piston movement is imvatcl 
(see piston positions 4 and 5). The direction of flow depends upon the 
piston of outer ring E, 

The maximum pressure generated would be about 2,600 Ib/sq in. 
(or 180 kg/cm 2 ). The speed of the pump is 900 to 1,800 tpm according 
to its capacity. 


HYDROSTATIC SYSTEMS 

16 12 Functions of Hydrostatic System—There are niuinlv 
three functions of a hydrostatic system : 

a) Actuation of mechanical conti ol, 

b) Force multiplication and 

c) Transmission and control of power. 

a) Actuation of Mechanical Control —Control of the motion of 
driving and driven mechanisms is achieved by means of transmission by 
the fluid of power and thrust. The development of power and force Is of 
less importance than the nature of the motion imparted to driven unit. 
An example of an application of this type is the use of a hydraulic relay. 
An arrangement in which oil forms a power-driven pump is used for 
control purposes constitutes a hydraulic relay. Prime movers such as 
water turbines and steam turbines are controlled by means of hydraulic 
relays. The control of goveining of water turbines by hydraulic relay is 
described in Chapter 8. 

b ) Force Multiplication —In this system, transmission of thrust 
is the important consideration. Transmission of power is also involved, 
example of application—Hydraulic Press (see Art 16.14.) 

c) Transmission and Control of Power —Power is transmitted 
for producing movement at a distance. The hydrostatic system always 
includes the control of movement and speed of driven unit. Transmission 
of thrust also occurs, but is not so important as in case (6). Hydraulic 
drives in machine tools described in Art. 16.21 are applications of this 
kind. 


16,13 Methods of Control— The motion of hydraulic motor or 
receiver is governed by the flow of oil. Two methods are used for this 
purpose depending on the design of the pump : 

a) Constant delivery system and 

b) Variable delivery system. 

a) Constant Delivery System— The discharge of the pump is 
constant and the flow in the circuit is controlled by means of regulat¬ 
ing valves. The system consists of a throttle valve fitted in the circuit 
between the motor and the receiver. As the pump discharges at a constant 
rate, a by-pass or relief valve is provided to return the excess oil to the 
tank, as well as to protect against overloads. The flow of oil passes 
through a four-way reversing valve which delivers the oil to the two sides 
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of the piston as shown in Fig 16.9 ( 0 ). Constant delivery system is cheaper 
than the variable delivery system but, the delivery of excess oil back to 
the tank represents a loss of power. 



AKltvm 



a) Const,ml Doliveiy System />) Vatiabli* Dchveiy .System 

Fig 16.9 M( ihorfs of Coni ml 

b) Variable Delivery System(See Fig J.6.9 b )—The delivery of 
pump is variable and the flow in the circuit is controlled by the variable 
pump output. Variable delivery pumps are complex and costly ; how¬ 
ever, there is no wastage of power by diversion of excess oil back to the 
tank. The pump discharge can be varied or direction of flow reversed by 
employing a rotary piston pump described in Art 16.7 (a). In this system 
the pressure, against which the pump discharges, is governed by resistance 
to motion of the driven unit, and not by the rate of delivery of oil by the 
pump. It is possible to arrange for the delivery rate to vary automati¬ 
cally and independently of back pressure, A relief valve is employed to 
protect the system against overload, 

16.14 Hydraulic Press—Hydraulic press was first built in 1785 
by Ernest Bramah. Since then, hydraulic power has been in use for 
heavy operations in cranes, lifts and capstans. With the development of 
electric power, the hydraulic applications were replaced until more 
recent times when hydraulic power has come into prominence again. 
As in a modern machine shop individual drive has replaced the line 
shaft, similarly in case of modern hydraulic drive the accumulator system 
has been replaced by self-contained hydraulic systems, using a separate 

Principle —Mechanical advan¬ 
tage is obtained by a practical applica¬ 
tion of Pascal's Law of transmission of 
fluid pressure. Two pistons of different 
size operate inside two cylinders suit¬ 
ably connected with a pipe so that 
pressure in each is the same (See Fig 
16.10). If p be the pressure and <z 2 
and a 2 the cross-sectional areas of 
cylinders, then a force F x applied to the 


pump for each machine. 



Fig 16.10 Punciplc of Hydiaultc 
Pu*ss 
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5 ,7 


smaller plunger will make available a laige force F 2 at the large 
plunger. 


h 

F 1 




F,_ 


...(16.3) 


...(16.3a) 


If the volume of liquid is constant, 
the displacement of large piston will 
be proportionately smaller. 

Mechanical advantage of 


a* 

press— — 


...(16.4) 


If force in the smaller piston is 
applied by a lever which has a mechani¬ 
cal advantage —- then total mechani¬ 


cal advantage of machine 


l (l 2 
V ' ci\ 


.. (16.4a) 



Fig 16.11 Elementaiy InveUed Press 


Essentials of Hydraulic Press—A hydraulic press consists of 
two stationary platens and a movable platen (See Fig 16.11). The latter is 
carried by a plunger or ram which passes through the upper stationary 
platen and moves in the cylinder. The upper and lower stationary platens 
are joined by columns. Under hydraulic pressure, which is supplied by 
the pumps, the ram moves down and applies tremendous pressure upon 
any material placed between the moveable and stationary platen. 
Fig 16.12 shows a hydraulic press used to compress plates. The pumping 
unit is shown on the right front. This can exert a force of 4,500 tons, 
Fig 16.13 shows an autoclave vulcanising press. 

Hydraulic press is employed to perform many odd jobs requiring 
tremendous pressures. Some examples are given below . 

j) Metal Press Work : Employed to press sheet metal to any 
desired shape (Fig 16.12), 

ii) Bakelite Press: Used to prepare moulds and castings of 
bakelite, 
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iii) Autoclave Vulcanising Press, (See Fig 16,13) 

iv) Packing Press, 

v) Cotton Press, 

vi) Metal Pushing Press, 
mi) Filter Press, 

mil) Forging Press, 
tv) Plate Press, 

,r) Tablet making machine and 

xi) Drawing and Pushing rods, bending and straightening any 
metal piece. 



Fig 16.12 Hydraulic Plato Press for 4,500 Tons Pressure with Pumping 
Unit. Total Weight 3,20,000 lb 

Manufactured by Thcoder Cell & Co Ltd, Kricns (Switzerland) 
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These presses are generally 
worked by electrically driven pumps 
supplying oil under pressure, 

16.15 Hydraulic Crane (Sec 
Tig 16.14) consists of two main 
parts jigger and crane itself. The 
jigger attached to the most of cranes, 
is made up of a cylinder and a ram, 
both having a set of pulleys, at 
their ends as shown in Fig 16.14. 
The water under pressure is forced 
into the cylinder, which pushes the 
ram vertically up. The ram descends 
by opening an outlet valve. The set 
of pulleys fixed to the cylinder 
remain stationary while the other set 
fixed to the ram moves vertically up 
or down, A wire rope with one of 
its ends fixed to a movable pulley and 
passing over all the pulleys, is stretch¬ 
ed over the jib of the crane, down 
to the load IV. The velocity ratio 
of crane hook to ram, depends upon 
the number of set of pulleys, thus a 
six-sheaf pulley block system will 
have a velocity ratio of 6 : 1, which 
hook of the crane will move six times the 




:|wgs 



Fig 16.13 Autoclave Vulcanising Press 
for 150 Tons Pressure. Manufactured 
by Theoder Bell & Co Ltd, Kriens 
(Switzerland) 

means the load suspended to the 
speed of the ram. 
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The crane consists of a vertical mast to which is attached a jib 
The mast is supported on a pedestal, and can be revolved with its vertical 
axis. The jib swings with the mast and can be raised or lowered together 
with the load by means of wire rope when the ram moves in the 
cylinder. 

Hydraulic crane finds its use in docks and warehouses. It can lift 
a load itpto 250 tons. However a hydraulic crane can hardly compete 
with the modern electric crane. 


FLOOR 


/ 



FLOOR ^ 






PLATFORM 


3 RAM 

CVLINDER 

PRtb^ 
WAT l R 

11). 15 H>diaulir I.ift 



16.16 Hydraulic Lift (See Fig 
16.15)—A simple form of hydraulic 
lift consists of a cylinder and a ram. 
The water under pressure is forced 
into the cylinder, thus pushing the 
ram vertically upwards. A platform 
or cage is fitted to the top end of the 
ram. The platform can be made 
to stay, siding with tire floors, so that 
one can walk over it. The platform 
or cage should move between guides. 

The modified form of hydraulic 
lift is fitted with a jigger explained 
in Art 16.15, attached to hydraulic 
crane. The weight of cage in which 
the persons or load ascend, is balanced 
by balance, weights which also moves 
in guides. 

Electric lifts have become quite 
common now-a-days. 


16.17 Hydraulic Jack—This is based on the same principle as the 
hydraulic press. It is sliort-strokc hydraulic lift which is fed from 
hand pump. Tile hydraulic jack may be portable. This is extensively 
used for lifting automobiles usually to facilitate cleaning and repair. 

16.18 Hydraulic Riveter (See 
Fig 16.16)—It was very popular for 
making rivet heads but has lately 
been replaced by pneumatic riveters, 
A hydraulic riveter can exert a thrust 
of 50 tons on the rivet, 

At the time of dosing, the 
cross-sectional area of rivet decreases 
which means a large pressure will 
then be required. This is supplied 
by means of toggle joint, 

16.19 Pressure Accumulator— 

It is a device to accumulate liquid 
under pressure delivered by the 
pump when it is not required by the machine. The pressure can be later 
supplied to the machine as and when needed. 

The various presses enumerated above require separate pumping 
units to furnish liquid at the desired pressure. Such pumps are known 



V\g 10.10 llydj'iiilit Rivrln 
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as Piess Pumps , Normally} the pressure generated by these pumps ranges 
from 750 lb/sq in. to 1 ton/sq in. (or about 50 to 160 kg/cm 2 ) and is 
uniform throughout the supply period. However, the demand for liquid 
and its required pressure are variable. At some instants the machine 
may not be doing any work at all, and to deal with such difficulties 
an arrangement to receive and store the liquid, being constantly supplied 
by the pump, is necessary. Ihe device should be able to deliver the 
liquid back to the machine when needed. In some cases it may be 
desirable to obtain the stored liquid at a pressure higher than that 
provided by the pump itself. All this is done by the pressure accumulator 
or the hydraulic accumulator. 


The hydraulic accumulator (See Fig 16.17) 
consists of a cylinder and a plunger generally 
known as a ram. One side of the cylinder is 
connected to the press pump and other to the 
hydraulic machine. Either the cylinder or the 
ram may be fixed. Generally, the cylinder is 
fixed and the ram moves up and down to acco¬ 
modate a variable quantity of liquid inside by 
cylinder. 

Accumulators may be dead load type or 
variable load type. In the former, dead weights 
are employed to press the plunger in, while the 
latter employs steam pressure. Main advantage 
of this type is that the pressure may be varied at 
will but, it is handicapped by the need of a 
boiler to supply steam. It can be used, however, 
on ships if steam is readily available. 



mydBaul iC PRESS 

u A C h iw£ ^MP 


Fig 16.17 Hydraulic 
Accumulator 


The accumulator also serves the purpose of a pressure regulator, 
A suitable arrangement can be easily made to switch ofT and start the 
motor after a certain travel of the ram. 


Capacity of Accumulator is the maximum amount of energy 
which is stored by it. The storage capacity is equal to the potential 
energy of the lifted ram together with weight. 

Let d —diameter of ram 

j = stroke or lilt of ram 
p =>intensity of pressure of water supplied 

7T 

Total moving weight or weight of ram d 3 . p 

Work done in lifting ram or capacity of accumulator 

= rK. d\p ,s ...(16.5) 


Volume of accumulator—A d? , s 
.*. Capacity of ram—fix volume 


...(16.5a) 
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Problem 16.2 The weight of a 14 in. plunger of an accumulator 
is 10 5 000 lb. What additional weight is to be placed upon it to develop 
a hydraulic pressure of 600 Ib/sq in. ? 

Solution 

d=\A in. p = 600 Ib/sq in. 10,000 lb 

Gross-sectional area of plunger a = — X 14 2 = 154 sq in. 

Total weight to balance the hydraulic pressure 

where (weight to be added) 

Now \V—p . a 

= 600x 154-92,400 lb 

-Wi-92,400- 10,000 

— 82,400 lb Answer 

Problem 16.3 Find the length of stroke lequired for an accumu¬ 
lator having a displacement of 25 gallons (or 113*5 litres). The diameter 
of the plunger is 14 in. (or 356 mm). 


Solution 

Displacement of accumulator is the volume displaced by the plunger 
per stroke. 


Displacement = 25 gallons — 


25 x 1 0 X 1,728 


62*4 

=■25 x 277 = 6,925 cu in. 



Displacement— 113*5 1 itres=— 


1135 

1,000 


= 0*1135 



• 7U 

Cross-sectional area of plunger= — x 14 2 = 154 sq in. 


or area=*-^- X 0*356®= 0 0994 m 2 
4 


Length 


of stroke= 


displacement 
area of plunger 


6,925 

154” 


=45 in. 


= 3*75 ft Answer 


or Length of stroke*** 0T994 ^swer 

Problem 16.4 An accumulator has a ram 12 in. in diameter, an 
effective stroke of 20 ft and is loaded with a total weight of 50 tons. If 
the friction of ram amounts to 3% of the total load, find the total horse¬ 
power delivered to the hydraulic machine if the ram falls steadily 
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through its full sitoke in 2 minutes, while at tli^ same lime the pump 
delivers 100 gpm. 

(Dtllu L'nii*) nty—1057) 

Solution 

12 in. = lft >S’ = 20 k 

Load 1T=50 x 2240 lb Friction lnss= 3% 

,\ Net load =50 x 2240 x 0‘97 lb 
Time of ram fall =2 min 

Qvumi>=lOO gpm 

Work is supplied to hydraulic machine by the pump which is 
working continuously as well as by the accumulator ram which is falling 
steadily through its weight. 

i) Work supplied by accumulator ram per minute 

20 

= (50x2240x0-97) Xy = 1,037,000 ft lb 

ii) Intensity of pressure in accumulator 

_ WX 0 97 __ 50x2240x0 97 

P ~ 4x^”~ ^-xl’~" 

.4 4 

= 1,38,500 lb/sq ft 

Head H due to this pressure 

p 138,500 oon r , 

= _ n . -=2,220 ft oi water 
w 62 4 


Work supplied by the pump per minute 

= (h> . d) J/=(100x 10)X2,220 

=2,220,000 ft lb/min 


or 


Total work supplied to hydraulic machine 


= work supplied by ram+work supplied by pump 
= 1,087,000+2,220,000 =3,307,000 ft lb/min 


Total HP supplied to hydraulic machine 


Work done/min 
33,000 


3,307,000 

33,000 


aoo hp 


Answer 


Problem 16.5 In an installation of 6 hydraulic cranes, the 
working cycle of each of which takes 90 seconds in hoisting and lowering, 
each crane is fed with water at a pressure of 50 kg per sq cm and is 
required to lift a load of 50 tons at a speed of 18 meters per minute, 
through total height, of 12 meters, the jigger system giving a velocity 
ratio of 6. Estimate the stroke and diameter of the rams assuming an 

efficiency of 60%, ■ 
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It is assumed that all the six cranes aie making the woiking stroke 
at the same time. Calculate the minimum capacity of the pump feeding 
the installation, and that of the accumulator. 

(.Madras University—March 1955) 

Solution 


No. of cranes = 6 

p = 50 kg/cm 2 
v— 18 in/min 
velocity ratio = 6 


tf = 90 seconds 

5 tons = 5000 kg (assuming metric tonne) 
/< = 12 meters 
7} = GO % 


Load on each ram X velocity of ram X v) 

=Load lifted X velocity of lifting load 

T . i ITX vel. ratio 

.. Load on each ram=— 

V 


5000x6 

"6-6' 


=50,000 kg 


Area of ram 

Diaofram= 

Stroke of ram = 


Load on lam 50,000 . 0 

- “ -;-=s= " v — 1,000 cm 2 

pressure p 50 


VT 

4 

Distance h 
velocity ratio 


= 35 63 cm A nswer 


12 


=2 m 


Arts we? 


Volume swept by ram=arca of ram x stroke 

= ],000x (2x 100) 

~ 2 X 10 n cm 3 


Since there are 6 cianes, volume of water supplied by the pump 
=2X 10 r, x6 cm 3 
= 12x10* cm 3 


Minimum capacity of feeding pump 

volume of water 12xlO r> 1 

time taken 90 ^ 1,000 

= 13*33 lit/sec 
h 12 

Operating time ofcranes=” ===: ~lt r ^^0=40 seconds 

A Idle time of crane=90—40=50 seconds 
But the pumps go on feeding the accumulator 
/. Accumulator Volame = 13*33 X 50 

= 666*5 litres Answei 

Accumulator Capacity =-j£>X Volume 

= 50 X (666*6 xlO 3 ) kg-cm 

50 x 666'6 x 10 3 . lftM 
or — jqq ——> =3 33X10 5 kg-m Answei 
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Problem 16 6 An accumulator maintains a pressuie of 900 lb per 
sq in. (or 63 3 kg/cm 2 ) in a 2 in. (or 50 8 mm) diametei hydiaulic main. 
A hydraulic crane situated at a distance of 800 ft (or 244 m) ft cm the 
accumulator is supplied with pressure water fiom this main. The ram 
of the hydraulic crane is 9 in, (or 228*6 mm) diametei. Velocity ratio 
of crane hook to ram is 4 : 1. A pressure of 40 lb per sq in (oi 
2*81 kg/cm 2 ) maybe assumed on the ram to account for mechanical 
fiiction of ram, pulleys etc. 

Assume a co-efficient of friction for the hydraulic main as 0*01. 
Calculate the load lifted when it is raised with a speed of 2 ft sec 
(or 0 61 m/sec). (Poona University—1955) 

Solution 

Diameter of hydraulic main —2 in. (or 50‘8 mm) 

Diameter of ram =9 in. (or 228*6 mm) 

Pressure in the accumulator =900 lb per sq in. 

(or 63*3 kg/cm 2 ) 

Pressure lost due to mechanical fiiction =*40 lb per sq in. (oi 2 81 kg /cm 1 ) 
Length ofhydraulic main =800 ft (or 244m) 

Velocity ratio of crane hook to ram =4:1 
Co-efficient of friction for hydraulic 


Velocity of crane hook 
Velocity of ram 


-0 01 

=2 ft per sec (or 0*61 n^sec) 

= 2 =0*5 ft per sec (0 1525 m/sec) 


Let y=velocity of water in 2 in. (or 50*8 mm) main. 

As quantity of water per second flowing through main equals 
quantity per second in the ram cylinder, then 

vX-j- X (2) a =0‘5x — X (9) 2 

or »X~ X (0-0508)2=0 1525 X — X (0-2286) 2 J 

or 10' 125 ft per second 

[ or 3*085 nVsec] 

900 X 144 

Plead of water in accumulators——~— =2,077 ft of water 

0^*4 

r 63*3X 100X100 roo f 1 

or = - j^qqq— ~ =6o3 m ot water 


„ , , . . . . f 4x0*01x800 (10*125) 2 

Head lost m frictionmmam h f = - —g- 2x32*2 

12 

= 308 ft of water 

r j 4 x 0*01x244 3 085 2 Q<2 , 

_ or hf " 0 0508 X 2x9-81~ 936m of w 

Head lost due to mechanical friction of ram, pulley etc. 

40 X144 nn . . 
as—=92 5 ft of water 
6 2*4 


3 085 2 nor f 1 
X 2x 9 7 81 ==93<6 m of water J 


=92 5 ft of water 
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or 


2 81x100x 100 

1,000 


= 28* 1 ni of water 


Net head available on the ram=2 s 077— (308+ 92*5) 

= 1676*5 ft of water 

[ or —633 —(93*G + 28T)=5l 1*3 m of water] 

.. , . 1675-5X62-4 

.% Net intensity or piessure on ram=»— — 

= 727 lb per sq in* 


L° r 

Load on the ram 


511 *3 X 1,000 
" ioox ioo 


kg/cm 2 


= 727 X -j-X (9) 2 X 2 -2 40 -=20 G tons 


for =51'13X~ X(22-86) 2 X ,-^-=20-95 tonnes 

Load lifted by the ciane hook —=5 12 ions Answer 



20-95 

4 


= 5‘24 tonnes 


Answer 


] 


16,20 Pressure Intensifier—Piessure Intensifier, sometimes 
known as differential accumulator, is a device to multiply the pressure 
supplied by the pump to suit the requirements of a high-pressuie 
machine. Often a fluid pressure machine requires a high pressure at a 
particular stage in its operation. It can be easily provided by the 
intensifier. 



Fig 16 18 Piessure In tin silk‘i* 

Normally, a simple intensifier (See Fig 16.18) consists of two 
coaxial rams or pistons moving in cylinders as shown in Fig 16.18.1 Low 
pressure liquid is admitted to ram or piston of laige cross-sectional aiea 
which then transmits force to a small ram or piston by a rod connecting 
the two rams or pistons. The piston on left hand side being of smaller 
cross-sectional area than the piston on the light hand side, the intensity 
of pressure of the liquid coming out well be high. The volume between 
the two pistons must be vented. 

Let d x and d 3 be the diameteis of the two lams and p x and the 
respective piessures of the liquid inside them. Then, if the ram moves 
slowly, 


Pl • “f- • ^l S = /'2 • -f • 


or 


Pz*=Pi < 


<4 8 

df 


...(16.6) 
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Fig 16 19 shows a modified form 
of intensifier which consists of two 
coaxial rams inside a cylinder. The 
cylinder and the outer ram are fixed. 
A, B and C ate the valves provided 
for fixed cylinder, sliding ram and 
fixed ram respectively To start with, 
the hollow sliding ram is full with 
liquid and valve A and C are open. 
The liquid having a low pressure p x 
enters from the mains through A and 
forces the sliding ram upwards, so 
that the liquid inside the sliding ram 
goes out thiough valve C at a greater 
pressure />> When the sliding ram 
lias reached its top position, valve B 
opens while the valve A and C close. 
The liquid which is now entrapped 
between the fixed cylinder and 
sliding ram enteis inside the hollow 
back to its starting position. 


sliding 
This completes one 


TO HYDRAULIC MACHINE 
(HIGH PRESSURE 
OUTLET) 

- FIXED RAM 


SLIDING RAM 
(HOLLOW) 

-FIXED CYLINDER 
^2 

LOW PRES¬ 
SURE SUPPLY 


rig 16.19 Modified Toim of Jnluisifiii 

ram which then conies 
cycle of intensifies 



Sometimes, compressed air is supplied to the larger cylinder in 
place of low pressure hydiaulic supply, in which case the intensifier is 
known as a Hydro-Pneumatic Accumulator or Intensifier. 

Steam can also be supplied to the larger cylinder in place of low 
pressure hydraulic supply oi compiessed air. In such a case it is called 

Steam Intensifier. 

Problem 16.7 The diameteis of small and laige plungers of 4 
pressure intensifier are 3 in. and 10 in. respectively, Find the pressure 
in the small cylinder, if the pressure in the large cylinder is 600 lb/sq in. 


Solution 

^ 2 = 10 in. d z —3 in. =600 lb/sq in. 

Pressure in the small cylinder 
d 2 10 2 

p 2 ~pi . -, 1 , = 600X-ry= 6,667 lb/sq in. Answer 

d 2 o" 

16.21 Fluid Drives for Machine Tools—Fluid pressure is widely 
employed for obtaining different types of movements of modern machine 
tools. Pressurised oil is supplied by one or more independent pumps. 
Rapid progress has been made in this field in recent years. The main 
advantages of fluid drive in machine tools aie : 

i) Speed can be varied within wide limits, uniformly and gradually. 
With the conventional equipment speed variation in steps was unavoid¬ 
able. 

it) Mechanism is more durable. Life of machine tool using 
hydraulic drive is about 50% more than with mechanical drive. 

iii ) Quick and shockless reversal of motion is made feasible. 

iv) Economy in power consumption. 

v) Fluid system is quiet and noiseless. 

Vi) Simplicity and flexibility of design. 
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The movements which are obtainable by oil pressure are the 
following : 

a) Straight line movement—-tables and slides, 

b) Rotary movement—spindles. 

c) Auxiliary movement. 

a) Straight line drives are employed in : 

t) Broaching machines in horizontal or vertical positions whete 
draw head slide is traversed at the required cutting speed. 

ii) Shaping machines—to move the tool. 

iii) Planing machines—to move the tables. 

iv) Grinding wheel—to move horizontal or vertical spindle, 

v) Drilling, boring and reaming machines—to impart power 

and speed to spindle heads. 

vi) Milling machine—to move the tables. 

vii) Lathe—for sliding and surfacing motion. 

b) Rotary drive is mainly employed for spindles of lathes, cutter 
spindles and milling machines, rotary movement of honing machine 
spindle and for lotary tables on surface grinding machines. The drive 
however is not so common as straight line chive* 

t) Auxiliary movement : 

/) Clamping the work in chuck, etc. 
it) Motion of tail-stock centre in lathes. 
iii) Tool slide advancement in lathes. 

Some of the simple hydraulic circuits employed in machine tool 

16.22 Hydraulic 
Shaper—The hydraulic 
circuit for the operation 
of a shaper is shown in 
Fig 16.19. It consists of 
a variable delivery pump 
for pressure generation. 
If in place of a variable 
delivery pump, a con¬ 
stant delivery pump is 
used, a control valve is 
to be fitted in the circuit 
to obtain the required 
speeds, For low pressure 
requirements upto 4 to 
5 HP, a constant delivery 
pump is generally econo¬ 
mical and a variable 
delivery pump is recom¬ 
mended above 10 to 12 
HP. For horse poweis 
between 5 to 10, any 
of the two types can be 
used. A relief valve is 
provided in the circuit 
to take care of the pump 


operations are given in the following articles. 



Piston 


Rcvtrj'my 

Vofv* 

Pump 


Fig 16,19 Hydifiulic Shaper Giicuit 
and the system against possible overloads. 
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16.23 Surface Grinder—The hydraulic circuit for the operation 
of the table of Albwerk surface grinder is shown in Fig 16.20. A is the 


gear pump supplying oil through 
The latter distributes oil 
to cylinder F through 
pipes D and E. G is the 
throttle valve which 
controls the table speed. 

Pait of the oil goes 
through the pipe H to 
control valve J which 
operated either by 


valve B to double piston valve C. 


hand lever 
matically. 


L or auto- 



It contiols the 
auxiliary piston K which 
is coupled with piston 
valve G\ The piston if 
controls the automatic 
transverse motion of the 
cross slide thiough the 
i ack and pinion airange- 

ment AL Throttle valve P is adjusted to piovide shocldess reversal pf the 

CT* 

CurTEH 
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selector valvf 
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DIFFERENT A[ 
CONTROL 
VALVE 


Fig 16.21 Locked Hydiauhc Gucitit ofHydiomatic Milling Machine (Gmcinnati) 
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table by regulating the flow of oil expelled duiing the movement of 
piston K j and consequently the speed at which the piston moves, Excess 
oil is by-passed through a relief valve JV’. 

16.24 Milling Machine—Fig 16.21 shows the hydraulic circuit of a 
hydraulic Cincinnati make milling machine. The variable delivery pump 
is placed between the forward and back pressure lines. By setting this 
pump, feed water is controlled. A booster pump is connected to the 
forward pressure line to make up for leakage losses, and to maintain 
pressure on both forward and back pressure lines. The differential 
relief valve determines the relationship between the foiward and 
backward pressures. Sum of foiward and backward pressures remains 
constant and a variation of one is compensated for by the other. A 
large capacity pump is meant for rapid traversing* in either 
direction. The selector valve controls the direction and rate of travel 
and it is adjusted by a pilot valve, 

Finally, there is a start-slop by-pass valve from where two pipe 
lines are connected lo the cylinder having a piston moving to and fro 
inside, 


16 25 Tail Stock-Fig 

IG 22 shows the hydianlic tail 
stock operation employed on 
Drummond make lathes. The 
centre and barrel are moved 
towards and away from the 
job by means of double act¬ 
ing piston I*}. Rack teeth are 
cut on the. piston P 2 as well 
as the barrel and a common 
pinion works both of them. 
Either of the two ends of 
the cylinder C j are connected 
to the pressiue supply pipe 
by a rotary reversing valve 
operated by hand lever L 
through bevel gearing. The 
opposite end is connected to 
exhaust. When the barrel 
is moved to the left in order 
to engage the centre with the 
job, momentarily, pressure is built up in pipe W. When a predetermined 
pressure is reached, the spring loaded valve V is opened and pressure is 
admitted in cylinder C 2 causing the piston P a (in cylinder C g ) to move 
towards right. The rack teeth are cut on the piston rod A x which meshes 
wii.li pinion P, The pinion B serves as a’nut to the clamping screw 
and the rotation of pinion clamps or releases the tail stock barrel 
according to the direction of movement of the piston P 2 (in cylinder C 2 ). 



Fig 16,22 


Diagrammatic Section of Tails lock with 
Hydraulically Opciatcd Centre 


16.26 Some More Applications of Hydrostatic Transmission—' 

There are so many applications of hydrostatic transmission that it is 
difficult to present a general picture which will adequately cover them 
all but, perhaps the following machines are worth mentioning in addition 
to what has already been explained in this chapter. 
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f) Hydraulic Deck Machinery— Hydraulic power h uamnntitd 
to deck machines through pipes by means of constant delivery puinp-, 
generally situated in the ship engine room, diheu eithei by auxiliary 
diesel engines or by constant speed electric motors. The deck machines 
woikable by hydiaulic pressure are cargo winches, anchor windlass* 
capstans and warping winches, deck cranes, mast winches-and chedgeis. 

iz) Agricultural Machinery—The hydraulic power transmission 
system in agricultural machinery is employed in tractor external fitments 
through which the required services are applied to the implements. 
Mostly the hydraulic applications are found in connection with bull¬ 
dozers and scrapers. However, there is a great scope lor future develop¬ 
ments in the extension of hydraulic services to centrol the tractor or 
implement components. Another line of development is the transmission 
of power from the engine to the rear wheel of the tractor. 

Hi) Road and Rail Traction— Experiments were carried out in 
the past in connection with the use of hydraulic transmission of power 
for road and rail vehicles which achieved a fair degree of technical 
success, but their use was not made properly. Recently, there has been 
a revival of interest in the applications of past experimental results, 

iv) Lifting Equipment— Though hydraulic driven cranes and 
lifts have been replaced by electric ones, yet modern types of transmission 
are used in a large number of comparatively novel lifting and tilting 
applications such as hydrostatic lifting and titling gear for fork-lift 
trucks, tilting furnaces, X-ray tilting table etc. In electric cranes the 
hydraulic control is applied to give stable creeping speeds when required, 
by automatically applying brakes to the required extent. Winches of 
helicopters and flight refuelling gear are often worked by hydraulic 
motors. Operation of penstock sluices and bulk-head doors are some 
more applications of the same. 

HYDRO-KINETIC SYSTEMS 

16.27 Hydro-Kinetic System and its Applications—The 

hydro-kinetic system is based upon changes in velocity of working fluid 
whereas the hydrostatic system is based upon differences of pressure. 
Hydro-kinetic system is used to transmit power. It is simply a combina¬ 
tion of a centrifugal pump and a turbine. The former acts as driver and 
the latter as driven. The two distinct elements are build into a single 
unit with a closed hydraulic circuit. As there is no mechanical connec¬ 
tion between the driver and the driven, impulsive shocks and periodic 
vibrations are prevented by using a fluid coupling. 

The principle of hydro-kinetic system can be easily demonstrated 
by means of two ordinary electric fans which are set facing each other. 
If one of them is switched on, air currents will be generated moving the 
blades of the other which is not connected to electric mains. 

Hydro-kinetic tratismissions.are of two types—hydraulic coupling 
and hydraulic torque convertor. The coupling provides for power 
transmission with the same torque on driving and driven shaft, whereas 
the converter provides for transmission with torque multiplication and 
could be compared with reduction gearing. Both the coupling and the 
converter are outgrowths of the original Foettinger transformer of 
Vulcan Go (Hamburg, W. Germany), a torque converter developed 
before World War I for marine use as a reduction gear between the 
steam turbine and propeller. 
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16,28 Fluid or Hydraulic Coupling— 
pump Fluid coupling consists ^ of a radial pump 

iMPexu^rf impeller keyed to a driving shaft A (Fig 16.23), 

Jr Yra and a react i° n (radial type) turbine runner 

[ f J hi keyed to driven shaft B. There is no mechanical 

IkV? ^L/y I 01 connection between the driving and 

f the driven shafts. The impeller and turbine 

W { § runner together form a casing completely filled 

v/ATft 1 with oil as the fluid with which the shaft A and 

f dr i ving driven _ 71/ B are supposed to be coupled. The fluid is 

ft 'w)?T - q mostly ordinary mineral lubricating oil. Now 

if the shaft A is made to revolve slowly, the oil 
JB :~ya^ due to a forced vortex, will llow out fiom the 

impeller arid will strike the turhine runner 
f y blades. After suflicicnt head lias been built up 

ft C )) J3 by increasing the speed of/i, the fluid will drive 

yjgflr the turbine runner and thus set the shaft 

^ i 11 niotion. When at full speed, the two shafts 
aie supposed to be rotating at the same rate, 
'ig 16.23 Fluid m II)(haulic but in practice, owing to slip, the driven shaft 
Coupling speed is about 2% less. Thus, the efliciency of 

the coupling would be 98%, If both driver and follower rotate at the 
same speed, the circulation of oil cannot take place. It is the difference 
of centrifugal forces set up in the driver and the follower which causes 
oil circulation. The necessary reduction in speed of the driven thus 
maintains the continuous flow of oil from impeller to the turbine runner, 
Tlie blades of impeller and runner are generally of straight radial type. 

Use : Fluid couplings are employed in rail road and automobiles to 
transmit power from the internal combustion engine to the moving wheel. 
Also, they are widely used for power driven excavators. 

Fluid couplings having sizes from 1 to 36,000 IIP have been manu¬ 
factured. The larger couplings arc built for the diesel engine driven 


Fit* 16.23 Fluid oi Ilphaulic 
Coupling 


warships. 


PUMP 

(MPE.U_£r» 



Fig 16.24 Fluid or Hydraulic Torque 
Converter 


16.29 Fluid or Hydraulic 
Torque Converter —Fluid torque 
converter differs from the fluid coup¬ 
ling in that a third member generally 
known as a reactionary member (See 
Fig 16.21) is introduced between the 
pump impeller and tlie turbine run¬ 
ner. The function of the reactionary 
member is to change the direction of 
the fluid. It consists of a series of 
fixed guide vanes. As the fluid 
flowing out of the impeller lim strikes 
the turbine runner and blades mounted 
on the stationary housing, it releases its 
energy in the form of torque and speech 
As a result of the fluid reacting upon 
the turbine and stationary blades, the 
input or engine torque is increasingly 
multiplied, and the speed of the output 
falls. Thus the stationary blades by 
redirecting the fluid flow multiply the 
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torque delivered by the engine and form a toique convener. Efficiency 
of a toique converter is very high at low speeds and may be as high as 85 
to 87%. Fig 16.24 shows a fluid torque convener having a fixed speed 
ratio. However, with several stages of tuibine runners and stationary 
vanes, a variable speed ratio can be obtained when a converter having 
a variable speed ratio is fitted to a road or rail vehicle diiven 
by an internal combustion engine, it acts as a variable gear box. The 
requiiecl gear ratio is obtained by opening the throttle. This principle 
has also been applied in motor car drives. The converter provides for 
smooth starting and absorbs torsional vibrations and shocks. 

16 30 Fluid Transmission of Power in Automobiles —With 
the advent of fluid couplings and torque converter, the traditional 
system of power transmission by means of clutch, gear box and lear axle 
has been dispensed with in modern cars. Now-a-days a pump or a 
series of small pumps enclosed in a casing attached to the engine have 
replaced the above mentioned gear diive. Engine drives the pumps 
which transmit high pressure oil to the rear wheels where it is used to 
cause rotation on the turbine principle. To obtain neutral gear, oil may 
be suitably by-passed without driving the rearwheels. Different gear 
ratios are achieved with the aid of two sets of fluid drives, one on each 
rear-axle shaft and three rotary sliding vane pumps of different capaci¬ 
ties. To obtain different speeds and power, diffeient combinations of 
three pumps and two drives may be used. 

Modern automatic systems employ fluid torque converters in 
conjunction with three or four speed gear boxes. Mechanical pedal clutch 
may be dispensed with. Automatic control is effected by accelerator 
and foot brake pedal. 

Fluid Brahes in Automobiles —Liquid medium is used to transmit 
and multiply the force applied for braking the wheels. The essential 
parts of the brake-system are the following : 

i) Master cylinder with reserve tank, 

ii) Brake or wheel cylinder, 

Hi) Biakc-pedal link mechanism and 
iv ) Piping for liquid transmission. 

When the brake pedal is depressed, it moves the piston inside the master 
cylinder and displaces liquid to the four wheel cylinders which brake 
their respective wheels. As the pressure on foot pedal is released, brake 
shoes return to their original positions by means of releasing springs. 


UNSOLVED PROBLEMS 

16.1 What are hydraulic systems ? Describe briefly a hydrostatic and 
hydro-kine ic system and cite examples, 

16.2 What is the difference between a constant delivery and a variable 
delivery pump ? Describe one from each type. 

16.3 What are rotary pumps and how are they classified ? 

16.4 What is a gear pump and state the difference between an internal 
and an external type of such pump. 

16.5 Describe with sketches the working of 
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a) Hydraulic Jack 

b) Hydraulic Press 
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16.6 

16.7 


a) Hydraulic Jack c) Hydraulic Ciane 

b) Hydraulic Press d) Hydraulic Lift 

(Madras Unmniiy) 

Describe with the aid of neat sketches the working of a hydraulic 
intensifier. (Jadavpm Univenity—1954 ) 

Write brief notes on — 


a) Intensifier b) Hydraulic Accumulator 

c) Application of fluid pressure in machine tools. 

16.8 What arc the advantages of hydraulic drive in machine tools ? 
Describe one such drive. 

16.9 What is the difference between a hydraulic coupling and a 
hydraulic torque converter ? Where are they used in practice ? 

16.10 A gearwheel type of positive-iotary pump has two identical rotors 
or gearwheels each 6'30 in. long with a pitch diameter of 3*15 in. 
When running at a speed of 500 rpm, it delivers 43*9 gallons 
of oil per minute against a total head of 125 ft. 

Draw graphs, approximately to scale, showing how this pump 
would behave as follows : (/) between speed in rpm and discharge 

in gal/min, for the range 300 to 800 rpm against a constant head of 
125 ft (H) between discharge in gal/min and total head in ft, 
when running at a steady speed of 500 rpm. 

Then estimate the size of a pump geometrically similar to the 
specified pump, such that it would deliver 147 gallons of oil per 
minute against a head of 49 ft when running at 360 rpm. The 
rotor pitch diameter and length should be stated. 

(AMI Aleck E ( Land)—Oct 195S) 

16.11 The ram for a hydraulic crane has diameter of 6 in. and the ratio 
between the movement of the load and ram is 6 to 1, Water is 
supplied through a li in. diameter pipe having a length of 1,600 ft, 
the pressure at the inlet end of the pipe being 1,100 lb/sq in. The 
co-eflicient of friction for the pipe is O’Ol. A pressure of 85 lb/sq in, 
on the ram is required to overcome mechanical losses. 

Determine («) the maximum speed with which a load of 2,500 
lb can be lifted and ( b) the load and speed of lifting which 
correspond to the maximum power obtained from the crane. 

(4*45 ft/sec, 3,180 lb, 3'7 ft/sec) (Lend Univeisily—July 1949 ) 

16.12 An intensifier has a ram diameter of 6 in. and sliding cylinder or 
piston diameter of 30 in. Calculate the pressure of water on the 
low pressure side of the intensifier if the pressure of water on the 
high pressure side is to be 3,000 lb per sq in. The loss due to 
friction at each of the packings of the intensifier is 5% of the total 
pressure on each piston, 

(132’3 psi) (Madras University — Sept 1953) 

16.13 Describe the working of an accumulator. The rani of an accumu¬ 

lator is loaded with 150 tons. It supplies power through a 4 in, 
diameter pipe, 5,000 ft long. The loss in the pipe is estimated to be 
2% of the power supplied by the accumulator. The co-efficient 
of friction in the pipe isO'Ol. The diameter of the ram, working 
frictionless is 21- ft. What is the maximum horse power it can 
supply ? (1G'33 HP) { Poona University — 1958) 
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16.14 230 HP is to be conveyed to several hydraulic machines at a 
distance of 2 miles from the accumulator by means of pipes 6 in. 
diameter. The water pressure in the accumulator is 700 lb per 
sq in. Find the least number of pipes if the efficiency of trans¬ 
mission is not to be less than 92%. Take/* 0-007 for the pipes. 

(2) (Aligath Utimtsity—1953) 

16.15 Calculate the displacement of the ram of a hydraulic cianc, whose 
efficiency is 50% in order that with a water pressure of 700 lb 
per sq in. it may raise a load of 25 tons, Find the diameter of 
the rani, if the stroke is 6 times the diameter. 

(7*93 cu ft ; 1 ft 2'28 in. Dia) {Annamalai Univetsily — 1953) 

16.16 a) Describe with sketches any type of hydraulic accumulator or 

intensifier. 

b) An accumulator lias a ram 1 ft diameter and a stroke of 16 ft. 
It is loaded with 00 tons but friction of the gland consumes 
1*5% of this load. If the ram falls steadily in 2 miuutes while 
the pumps are delivering 200 gpm what HP is being delivered 
to the machinery by the hydraulic system ? 

(261*5 HP) (BuiibqyUnivmily-~1957) 

16.17 A hydraulic lift raises a load of 84 tons at a speed of 1‘8 ft/sec 
through a height of 43 ft once in TG minutes, being worked from 
an accumulator which is fed by a pump having an efficiency of 
80%. If the pressure of the water is 500 lb per sq in. and the 
efficiency of the lift 7Q%, find the HP required to drive the pump 
and the minimum capacity of the accumulator. 

(29*85 HP ■ 9‘33 x 10* ft lb) (Madras UnivetHiy-1956) 

16.18 An intensifier of 4 in. diameter ram and 42 in. diameter piston 
is connected to a press having a rain 12 in. diameter. Water is 
supplied to the intensifier from a tank 40 ft above the intensifier 
through 2 in. diameter pipe, 200 yds long,/=0'008. Calculate 
the speed of advance of the press ram in inches per min when 
exerting a force of 60 tons. 

(58‘2 in./min) (Madias University) 

16.19 A hydraulic crane lifts 20 tons when working at a pressure of 
800 lb per sq in. The rate of lifting is 60 ft per minute and total 
lift is 30 ft. The crane works once every two minutes. The 
efficiency of the crane is 0‘8. Calculate the minimum HP of 
the pump and minimum capacity of the accumulator which is 
also provided. What is the volume of the crane cylinder ? 

(25‘45 HP ; 1,260,000 ft lb, 11*65 cu ft) (Gujrat University — 1953) 

16.20 Describe with the aid of suitable sketches the principle of working 
of a hydraulic crane. Under what circumstances would you 
recommend the use of such a crane ? 

A hydraulic crane has a ram 9 in. diameter and water is 
supplied to the crane at 660 lb per sq in. at the rate of 0 03 cusecs. 
The pulley system of the crane has a velocity ratio of 6 . If the 
height to which the load is to be lifted is 45 ft, find the load that 
can be lifted and the time taken to lift the same. 

Assume an overall efficiency of 71%. 

(4,970 lb, 110 sec) ( Roorkee University—1958) 
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16.21 Describe with sketches the working of the hydiaulic accumulator. 

Geitain machinery is woiked fiom a weight loaded accumulator 
through a pipe line 3,000 ft long and 4 in. diameter. The accumu¬ 
lator has a ram of 15 in. diameter and 12 ft stroke. It is loaded 
with 47 tons and is supplied with watei by a thiee throw pump 
having a diameter ol 4 in., stiokc 8 in. and speed 50 ipm. The 
slip may be estimated at 3% and the pipe co-efficient 0'007. If 
the machinery absoibs 60 AVHP 3 calculate the longest period 
during which it may be operated continuously. 

(One Minute) (Bombay Univenily — 1957) 

16.22 In an installation of lijdiaulic cranes, the cranes me supplied 
with water at a piessure of 50 kg per car. liatli ciane is lequiied 
to raise a load of 5 tons (5000 kg) at a speed of 18 mcteis per 
minute through a total height of 12 meters. lire system of ropes 
and pulleys provides a velocity ratio ol f>. Assuming an clhciency 
of 60%, estimate the diamelei ami stroke o( the uane h)draulic 
motoi. 

There aie fi\e cranes in the installation and the working 
cycle of each crane occupies 00 seconds. If it he assumed that 
all the five cranes be making then working stiokes simultaneously, 
<ah iildle the iiiiniimiin capacity in Uln \per set ond ol the pump 
feeding the installation and the minimum capacity m litres of the 
aeeiumihitor required. 

(3 r v7 cm dia ; 2 m stroke ; 11*11 lit/sec ; 555'5 litres) 

(Bombay University—1957) 

16.23 In a testing machine the foicc is applied to the specimen by 

hydraulic pressure on a ram of 10 in. diameter. The maximum 
force required is 100 tons, and the frictional resistance at the i am 
may be taken as an additional 5 tons. The water is supplied from 
an accumulator consisting of a vertical cylinder with a loaded 
plunger, 4 5 in. diameter. Find the necessary load on the plunger 
if friction theie causes a resistance of 2 tons to its motion. If the 
water for the accumulator is supplied by a pump with an efficiency 
of 0 85 and the fiictioti force at the plunger has same value when 
the accumulatoi is receiving water, calculate the oveiall efficiency 
of the arrangement, Find this efficiency when the force icquircd 
is 50 tons. (2326 tons, 0 681 and 0*34) 

16,2 f The ram of a hydraulic accumulator is 18 inches (or 457'2 mm) 
in diameter. The stroke is 23 ft (or 7 02 in) and the water pressure 
is 1,120 lb/sq in. (or 78 8 kg/cm 2 ). If the useful woik given by 
the accumulator during one full downward stroke is utilized in 
raising IF tons to a height of 45 ft (or 13 7 m) by means of a 
hydraulic crane, whose efficiency is 60%, find the value of IK 
IF this work is done in 3 minutes, what is the gross horsepower 
of the crane ? 

[87,400 lb (or 39,000 kg) ; 66 2 IIP (or G7 2 metric IIP)] 

(Utkal University—1958) 
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Conversion Factors 

(See also Chapter on Introduction to Metric Units) 


Measuie 


Length 

(or 

Linear) 


Atea 

(or 

squat ej 

Volume 

(or 

cubic) 


Weight 


Pressure 

and 

Head 



Metiic 



— 

' 


— > 

FPS 

Unit 

Metric 

:> Metric 


to FPS 

25*4 

nini—f-jb j m 

X 

0 03937 

0*3048 

m 

f\ 

3 28 

0 9144 

in 

X 

1 09361 * 

1-6093 

km1,000 m 

X 

0 621 

1*852 

km =1,000 m 

s\ 

2 510 

6 451 

cm 2 

X 

0 1550 

0 0929 

ni 3 

/ 

/\ 

10 764 

0 4047 

hectare 

X 

2 471 

16 3871 

cm 3 

X 

0 0610 

4 546 

litr e— (dm) d 

V 

0 220 

3 0045-16 

nv> 

| 

x220 

3 785 

litre 1 

X 

0 2642 

1*59 

hi 

X 

0 63 

28 316 

litie 1 

X 

0-0353 

0 0283 

m 3 j 

X 

35*38 

0 0648 

gr 

X 

15 43 

28 35 

gr 

X 

0-035 

0-4536 

kg i 

X 

2-205 

50 602 

kg i 

X 

00197 

0 907 

tonne 

X 

1*102 

1-016 

tonne 

X 

0 98421 


kg/cm 2 



0 0703 

r ni of water \ 

l — " 10 / 

X 

14 22 

0 068 

atm 

X 

14*7 

157-5 

hg/cnP 

V 

0-00635 

345 

nun of water 

X 

0-0029 

25 4 

nun of meicury 

X 

0 03937 

1 033 

1 atm. (=10 m 

X 

0-967 


of water or 1 kg/ 




cm 5 ) 

1 M 
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FPS 


Unit 


inch n 
foot 0-12" 
yaid =3' 
mile =1,760 yd 
nautical mile 

sq in. 
sq it 
acie 

cu in, 

Imp gallon 
(=1*2 US gallon) 
Imp gallon (*= 101b) 

US gallon 
Petroleum ban el 
= 42 US gallons 
cu ft 
cu ft 


X 

X 

X 


gram™ 5 ? i/us lb 
ounce^/ff lb 
pound=l lb 

cwt=U2 lb 
short ton 
or US ton 

=2,000 lb 
long ton =2,240 lb 

lb/sq in. 

/ ft of walei\ 

I"" 2 31 -) 

lb/sq in. 
long ton|sq in. 
in. mercury 
/ ft oF watei\ 

“1*13 ) 

in. mercury 
1 aun. (—34 ft of 
water = 14*7 lb/sq 
in.) 


X 

X 

X 

X 

X 

X 

X 


X 

X 


X 

X 
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Measure 

Density 

Moment of 
Inertia 

Velocity 

Viscosity 

Kinematic 

viscosity 

Tempera¬ 

ture 

Rate of 

Discharge 


Energy 
(or Power) 

Heat 


Metric 


FPS 

to Metric 


Metric 
to FPS 


lb/cu ft 
lb/cu ft 


lb ft 2 {WR 2 ) 


X 16 02 kg/m 3 x 0'0625 

X 0'01602 kg/dm 3 or 1 

kg; litre 1 x 62 424 

X 27 6799 kg/cm 3 j x 0 0362 

X 0 1686 kg m a (GO 2 )j x 5-933 


fi/min 


X 0 3048 ni/sec X 3 28 

5-08 , 

x 1,000 m/icc X 196 85 


ft unitsfss^(j ec ) X479 
k ft 2 / I 

ft units ( = ft 2 /sec) X 929 


Poise = 

/ dyne , sec\ 2‘083 

V cm 2 J | 1,000 

Stokes lj076 

(=cm 2 /sec) ; x i,ooo 


X j’ (°F - 32) °c 


Xf °C+ 32 


cu ft/sec (cusec) X 0 0283 
cli ft/sec (cusec) X 28’316 


cu ft/min 
gal/min (gpm) 
gal/min (gpm) 


1 KW 

( = 1 341 HP) 

BTU 
B T U 
B 1' U/sq ft 


X 0 472 
X 0 0757 


10,000 

X 0 1382 


HP (=550 ft lb) IX 1 014 


X 0’252 
X 107-6 
x 2-7126 


lit/sec 

( = dm 3 /sec) 

lit/sec 

(=dm 3 /sec) 
lit/sec 
( = dm 3 /sec) 
m 3 /sec 


HP 

(=75 kgm/ 
sec) 

1 KW 

(=1-36 HP) 


m kg 
k cal/m a 


X 35-38 
X 0 0353 
X 2 22 
X 13 22 
X 13,220 


X 7 23 
X 0-986 


X 3 968 

X 929 

1 (000 

X 0-3687 


APPENDIX II 

Equivalents for Hydraulic Calculation 

1 Imperial gallon ===== 10 lb 

=0 16 Cubic Foot 
=277 cubic inches 
= 1 2 US gallons 
~4 56 litres 

l U S. gallon =8 33 lb 



— 0 83 Iinpenul gallon 
=0 133 cubic loot 
= 231 cubic inches 
=3 8 litres 

1 Cubic Foot of Water 

= 6 23 Impelial gallons 
= 7 48 U.S. gallons 
= 25 375 hires 
=-0‘0283 cubic metre 
= 62*4 lb fresh water 
= 64 lb salt water 
=0-557 cwt 
=0 028 ton 

1 Cuscc 

= 1 cubic foot per second 
= 375 gallons per minute 
= 0 0283 cu m per sec 

1 Cubic Metre of wafer 

= 7 kilogram 
= 7,000 litres 
= 220 Imperial gallons 
= 264 US gallons 
= 35'3 cubic feet 
= 1 ton (approx) 

1 Ton (=2,240 lb) 

= 36 cubic feet (fresh water) 

= 224 Imperial gallons (fresh water) 
= 268'8 US gallons (fresh water) 

= 35 cubic feet (salt water) 

= 218 Imperial gallons (salt water) 
= 1,000 litres (approx ) 

~1 cubic metre (approx) 

1 Litre of water 

= 2’2 lb 

= 0 22 Impeiial gallon 
= 0 264 US gallon 
=0’0353 cubic foot 
= 61 cubic inches 

1 Atmosphere 

s= 14 7 ib per square inch 
=30 inches of mercury 
= 34 ft head of water 

1 Metric Atmosphere 

= 1 kilogram per square centimetre 
= 14’22 lb per square inch 
= 735 millimetres mercury 
=29 inches mercury 
a* 10 metres head of water 
= 32’8 feet head of water 

1 Horsepower 

= 550 ft lb per second 
= 33,000 ft lb per minute 

1 Metric Horsepower 

= 75 kilogram metres per second 
= 0-9863 British horsepower 

1 Gravitational Acceleration (g) 

l = 32‘2 feet per second per second* 
—9'81 metres per second per second 
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Mensuration of Surfaces and Solids 


Circumference of a circle 

= 7 T X diameter 

Area of a ciicle 

- X (diametei ) L 

Area of sector of circle 

ladius , . - 

=« ^ X length ol arc 

Area of square, parallelo¬ 
gram, rectangle ihombus 
01 lhomboid 

= bascX height 

Area of trapezium 

= | sum of two parallel sides X height 

Area of tegular polj’gon 

= 1 radius of inscribed citricXlength of 
side X number of sides 

Area of triangle 

= | baseX altitude 

Area of parabola 

= 3 x base X altitude 

Area of ellipse 

= — /major axisXminor axis 

Area of cycloid 

= 3xarea of generating ciicle 

Surface area of sphere 

— 7T X (diameter) 2 

Volume of sphere 

= g- X (diametei) 3 

Volume of parabolid 

= 1 volume of circumscribing cylinder. 

Volume of prism 

«^area of base X altitude 

Volume of cylinder 

7T 

= — (diameter) 2 X height 

Volume of pyramid 

= l X area of base X height 

Volume of cone 

1 7T 

—-g-X — X (diameter of base) 2 Xheight 

Length of arc 

“= Radius of circle X angle subtended at 
centre in radians (=r , 0) 

One radian 

-57*5° 
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Fractional Sub- 


1 

64 

0*015625 

i 

32 , 

0*03125 

JL i 

64 | 

0 046875 

1 

16 

0-0625 

5 

04 

0 078125 

3 

32 

0 09375 

7 

64 

0*109375 

1 

o 

0*125 

9 

64 

0 140625 

5 

32 

0 15625 

n 

04 

0-171875 

3 

16 

0-1875 

13 

64 

0-203125 

7 

32 

! 0-21875 

15 
64 

0-234375 

1 

'4 

0 25 

17 

64 

0-265625 

9 

32 

0-28125 

19 

64 

0-296075 

5 

0-3125 

16 
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divisions of an Inch to 


= ! 0328125 

UT 

11 ! 

32 | °‘ 34373 
23 

ttt 0*359375 


0*390625 

0*40625 

0*421875 

0*4375 

0*453125 
0 46875 
0*434 375 


£ 0*515625 

b4 

^ 0-53125 

35 

^ 0*546875 

64 

~ 0-5625 

lb 

% I 0-578125 
64 

19 

0*59375 

52 

I? 0-609375 


Decimal of aa Inch 


~ 0 640625 

64 

21 

0 65625 
43 

0-67185 

64 

~ ' 0-6375 

10 

45 1 

~ 0*703125 

64 

23 

on 0*71875 

o2 

47 i 

0*734375 


0*765625 
0*78125 
0 796875 

0*8125 

0*828125 

0*84375 

0*859375 


^ I O'890625 
64 

29 

~ ! 0*90625 

O ^ j 

‘iQ i 

|| j 0-921875 

J? 0-9375 

16 

^ 0-953125 

64 

^ 0-96875 


0-984375 



APPENDIX V 


a) BernoulIPs Theorem with tegard to Absolute Motion 

This important theorem is proved and deliver! in several ways. 
The following proof is based on consideration of momentum. 

Consider a small element of fluid of length rfj, breath b and 
thickness l and (Ji+dl) at the two ends (See Fig (V,l), This element is a 
part of a stream tube. 

Forces on the element are the fluid pressiue and giavitation. 



Fig \M Absolute Motion of d Fluid Pai title 


lip be the initial pressiue at the light end at any given time, then 
after a time dt , 

Pressure at right end , dt 

0 / 

Pressure at left end , ds.-\~ —— . dt 

os dt 

For steady flew, - ^ =0, 
ot 

Pressure at right end«=/>-|-0===/> 

Pressure at left end— p -\—. r/.r+O 

• ds—p-\-dp 
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533 


Acceleration of fluid may be easily calculated 
”=/ (h s) 


Let, 

Then 


dv jL . di + 3 L 

dt ds 


ds 


dv 


do do ds 

dt ~~dt ^ ds di 


do dv 

“'8f + "'5r 


For steady flow, 


do 

Yt 

dv 


= 0 




dv 


dv 

ds 


dt " ’ ds 

Net external foice on ihe element in the diiection of motion 
= w . b . / . ds . cos <f)-\-p . b . l—(p + dp) . b . (/+(//) 

. /> / . ds . cos (j>—dp . b . ! .^neglecting ~ ^ 

This must be equal to the late of change of momentum 
= mass X acceleration 

w fU j j \ do 

= — . (b . / * as) . v . . - 

g ds 


— . £ . / . ds . v . - 7 - = w . b . I . ds . cos ib- dp , b , l 
g ds r r 


or 


v . do , t dp 

— — = ds . cos d> -— 

0 to 




dp 

w 


.(since ds . cos < j ) = — dz ) 


Integrating, 




_ 4-—+ ;;=£ (Assuming that w is constant, 2 e. fluid is incom- 
2(7 1 a; 


piessible). 




This holds good for potential flow of ideal fluid. In practice, 
frictional losses have to be considered, and then 


»a® , Pi J_„ f'l 2 , Pi , „ _ rj 

- -p n--r Z[ ti j , \ 

2 g w 2 gw 1 M1-2/ 


... (V.Ia) 


(6) Bernoulli^ Equation for Relative Motion 

Consider the motion of fluid inside a turbine lunner or an impeller 
of a centrifugal pump. Let its angular velocity to be constant, and let 
relative velocity be w . 





584 


HYDRAULIC MACHINES 


Again take an element similar to the one chosen in the previous 

case. 

Let the angles which the directions of vertical gravitational force 
and radial centrifugal force make with the tangent to the stieam line at 
the point under consideration be denoted by <f> and ^ respectively. 

Let the weight density i.e., specific weight of fluid be denoted by 
to distinguish it from relative \e)ocity w and the angular velocity to, 


For steady flow, 



Fig V.2 Relative Motion of a Fluid Paieliclc etc. 


Acceleration in the direction of relative velocity w, 

dw . (3 tv 

—=- — 

dt (bit; 

c )w dw 

— iv . W . J- 

9f w ds u , 

Mass of fluid accelerated—-^ 1 - . (b > l , dd w ) 

Forces acting on the element are : 

a) weight=«'rf ♦ b . / . ds^ 

b) centrifugal force ==~~- . b , l . ds l9 . li • to" 

c) pressure difference ^b . I . p — (p-Vdfi) * 

f , > dl\ 

— . f neglecting j- J 
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Now, resultant force in the direction of stream line 
= mass X acceleration 

w d . b , l. ds m .R . 6) 2 
9 


Wd • b . I . ^ . cos — dp— 

Simplifying, 


W d i i j dw 

=— . b . I * ds w . w .-7- 
9 ds w 


cos 6 


dw . dp R . co 2 , 

w . —=aj t y . cos 6 -— . ds w . cos tb 

(7 Wd (7 

Substitute, 

■ cos $ — —dz ; and rfr,,, . cos c |t = —dR 

Then + 

9 Wd 9 

dw . , dp R . co 2 . dR n 

or w .- \-dz +—— =0 

(7 w (i fir 

Integrating, 

n> a . . /> 7 r ! 2 . co 2 

2^ + * + ^“-2r' =c 

Since /t! . o) = circumferential velocity u , final form of Bernoulli’s 
Equation for relative motion would be 


for ideal fluid and ideal flow. 

In practice, considering frictional and other losses, 


••(V.H) 


A V Al y n 

2 <7 2g W d 2g 2(7 X(i-a) 


Bernoulli’s theorem thus proved applies strictly to a single stream line. In 
problems of practical importance, as flow in pipes, however, the stream 
is made up of an infinite collection of stream lines or stream tubes. In 
general, the velocity varies from point to point in a cross-section of such a 
stream and the expression usually yields the average or the mean velocity. 


Even under such circumstances Bernoulli’s theorem can often be 
applied without introducing any grave error because the kinetic head, 
in practice, is small compared to other heads. 

If kinetic head is considerable, 

(T) s , - 

it is expressed as ax - - t — , where v 


2 g 

is the average velocity**-—, and a is 

a correction factor varying from 1 to 
2 (See Fig V.3). 



Fig V.3 Velocity Distribution Over llie 
Section of Pipe. 


ot=l, when velocity is cbnstant over the cross-section, 
a=2, when velocity varies parabolic^lly from ?ero at the boundary 
to a maximum at the centre, as in pipes, 



APPENDIX VI 

Combined Formulae for Turbines and Pumps 


Turbine (Reaction Type) 


Pump (Centrifugal Type) 


1) Generally inward flow 
(centripetal type) 

2) Work done/sec 


= . a 


(» Ul • «i—p« s • " 2 ) 


3) a 2 =90 o (i.e. iadial discharge) 

4) W. D./sec^ 1 ^ 

5) W.D./sec/lb (or kg’) of water 

v„ L • «i 

ff 

(Fundamental equation of leac- 
tion turbine) 

6) Head utilised by turbine**// 

7) //^ 

(Losses outside the Uubine) 

»u • «i 

8) AH- — 

(A//—Losses inside the Uubine) 
, ■ «i 

9 ) S/;“ 0/7 

10) «7L * ^ 

(neglecting thickness of vanes) 

= (tt . D x -~Z 2 . t) . B 0 , p Wl 

(taking the thickness of vanes 
into account) 


Outward flow (centrifugal type) 
Work consumed/sec 

= (% • «*-»«, • «l) 

a 1 ^= 90 ° (t.d. radial inlet) 

.\ W.G,/SCC“—. K Z 

W.C /sec/lb (01 kg) of water 

. «a 


(Fundamental equation of cen- 
tnfugal pump) 

Head supplied by pump*//**//inane 
i.e. Plead shown by gauges, 
Hw=H+£H l 

(Losses outside the pump) 

j * ^2 

//manu+ A// 83 ^ 

(A//= Losses inside the pump) 

_ _ Q • Humno 

Qjs^nr , Z)j * 7?i . 

= 7T . Z)j, , Z?2 ■ g 

(neglecting thickness of vanes) 

85=3 ( 7 r • Z • ^1) * 

= (it , 7 /a—, *S*a) • 

(taking the thickness of vanes 
into account) _ 


If Positive (-{-) sign is used for Pumps 
Negative (—) sign is used for Turbines. 


a) Head II=H 9iat ±£ H r 




71) 

b) Power /*,=-^ (Q.+AQ,) . HKk&Pm** 

, H 1 

c) Efliciencies -v- ) 

4-1 4-1 

(Ph\ fPl + &Pmech\ 
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356 
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—, hydro-pneumatic, 567 
Actuatoi, 229 
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-airlift Pump, 424 

Aerodynamic tests on Kaplan 
blades, 493 
Aerofoil section, 286 
—theory, 285 

-for turbo-machinery, 28.8 

Agricultural machinery, hydro¬ 
static transmission in, 571 
Air lift pump, 423 

-^advantages, 424 

-‘disadvantages, 424 

—vessel, 315 

-on delivery side, 326 

-suction side, 323 

-, theory of working, 317 

-volume, 319 

Allen method, 466 , 
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Ltd, 135 
Angle of jet, 17 

-vane, 17 

Angular flow ppraps, 419 
'—momentum^ 25 
Appendices, 577 , f 
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301 , . . 


Appioach, velocity of, 454—459 
Automobiles fluid brakes, 573 
Axial flow impeller evolution, 356, 
357 

-pumps, 350, 357, 414 

-turbine, 115, 120, 198 

thrust in centrifugal pumps, 
390—392 

B 

Backward curvature blades, 385 
Balance piston in centrifugal pumps, 

—plate in centrifugal pumps/391 
Banki turbine, 118, 150 
Baiker’s mill, 95 

Bend as water measuring device, 451 
—dynamic thrust on, b 
Bernoulli’s theorem, 

-for relative motion, 584 

-with regards to absolute 

motion, 582 

Bhakra Dam Project, 180 

-model turbine runner, 176 

Bhira Power House, 136 
Bhivpuri Power Hpyse, 135 
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Blade curvature, 385 
—angle, pump, 383, 385 
—number influence on gross 
head, 376 

—of impeller, construction, 386 

-different shapes, 385 

Bore-hole pumps, 403 
Boundary layer separation, 292 
-theory, 291 

Bourden tube pressure gauge, 479 
Brake test curves, 524—526 

-tables, 500 to 509 

Bramah press, 556 
Breast water wheel, 90 , 

Breadth of impeller, 383, 

Buckets of ?elton turjyine, 129, 148 
—construction, 149 
—minimum number, 146 
—pump, 306 

Buckingham’s theorem, 63 
-illustration, 63 
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Buckingham’s theorem method, 63 
Bypassing in turbine pumps, 404 

C 

Calibiated tank, 441 

Canal water power plant, 110 

Casing of centrifugal pumps, 347 

-calculation, 389 

of Francis turbine, 175, 183 
—types, 347 

Cavitation, 192, 196, 416 
—factor, 193, 416 

— t —values, 194, 417 

—in propeller pumps, 416 

-reciprocating pumps, 309 

-turbine, 192, 196 

—methods to avoid, 196 
—, recent research on, 266 
—test-bed, 493 

Cauveiy Hydio Scheme, 138, 180 
—Mettur Project, 180 
Centiifugal head, 38 

— pump, 44, 344 
-, accessories, 356 

--classification, 346, 355 

— —-defects and their remedies, 

40G 

-, diameter of pipes, 388 

--, elhciency, 360, 374 

-, fundamental equation, 368 

-, heads, 359 

-, high lift, 347 

-, layout, 356 

-, low lift, 347 

-, medium lift, 347 

-minimum starting speed, 46, 

373 

-models, 395 

-multi-stage, 349, 400 

-operation, 346 

-, performance, 533 

-pipes with fittings, 358 

-, power, 359 

-pressure rise in pump im¬ 
peller, 371 

-priming arrangements, 397 

-principle, 44 

— —, radial How, 350 

-similarity laws, 396 

-single stage, 349 

-, starting, 358 

-test, 504 

— —work clone, 370 


Chambal Hydio Scheme, 18b 
Characteristics curves of axial n™. 
or propeller pumps, 418 
centrifugal pumps, 532 
water turbines, 522 

1 measurement data 
in, 523 

7 7 "/-representation, 523 
Chemical handling by pumps, 404 
liquid, centrifugal pump, 352 
method of water measurement, 


Ghezy’s constant, 66 
Cippoletti weir, 456—459 
Classification of modern pumps, 300 
— watei turbines, 112 
—* —rotary pumps, 546 
n] water power plants, 108 
Clog, non, pumps impeller 352 
Closed impeller centrifugal pump, 

—type Francis turbine, 114, 173 
Codes of testing of turbines for 
various countries, 491 
Co-efficient of contraction of orifices 
lor water measurement, 450 
-discharge, 458 

30 7 reciprocatin S pumps, 


-fluctuation, 318 

-velocity of jet, 140 

^-yenturimeter, 443 

Comparison between centrifugal 
and reciprocating pumps, 344 
of impulse and reaction tur¬ 
bines, 114 

governing of water turbines 
and other prime movers, 225 
Constant delivery pump, 546 
-system, 555 

—discharge curves of centrifugal 
pumps, 535 

efficiency curves of centrifugal 
pump, 535 0 

turbines, 526 

—bead curves of centrifugal 
pumps, 535 

turbines, 523 

speed curves of turbines, 526 
Contraction of jet, 140 
^ —ends, weir, 455—458 
Control hydraulic, methods, 555 
Conversion factors, table of, 577 
Converter, hydraulic torque, 572 



INDEX 


591 


Cooling arrangement in rope 
brake, 513 

Correction factor in centrifugal 
pumps due to impeller blades, 
376 

-values, 376 

Coupling, hydraulic, 572 
Crane, hydraulic, 559 
Critical value of cavitation factor, 
194 

Current meters, 460 

-calculation of discharge 

(open channel and closed 
pipe), 363 

-- —experimental details 

462 

-cup type, 461 

-precautions, 465 

-principle, 460 

-propeller type, 461 

-screw type, 461 

-uses, 466 

Cmvature of impeller blades, 385 
Cylindrical vortex, 37 


D 

Damodar Valley Corp f (DVG), 180 
Darjeeling Hydro-Electric Scheme, 
138 

Data to be calculated for testing 
pumps and turbines, 502 to 508 

--measured for testing 

pumps and turbines, 499, 
502, 505 

Deck Machinery, hydrostatic trans¬ 
mission in, 571 
Deepwell pump, 346, 403 
Defects and remedies of centrifugal 
pumps, 406 
Deflector, 128 
—regulation, 234 
Delivery curves, 307 

-for single acting reciprocat¬ 
ing pumps, 307 

-double acting reciprocat¬ 
ing pumps, 307 

-triple acting pumps, 308 

—head of pumps, 299, 359 
—pipe, 358 
Deriaz runner, 280 
-use, 282 

-turbine installations, 283 


Design of component parts of 
Francis turbine, 183 

--valves for reciprocating 

pumps, 333 

Development (historical) of water 
wheel and turbines, 87 
—, recent, of turbines, 264 
Deviated flow, 6 
Diameter of impeller, 384, 387 

-pipes of Centrifugal pumps, 

388 

—variation of pump impeller, 
392 

Diaphragm, Pressure gauge, 479 
—water measurement, 448 
DiiTerence between simple and 
differential surge tanks, 244 
Diilerential manometer, 478 
—pump, 333 

— type surge tank, 243 
Diffusion casing, 346, 349 

—pump, 349 
Diffusor jet, Seewer, 129 
Dimensional analysis, 54 

Direct acting steam pump, 332 
—weight water measurement, 
440 

Discharge (watei) measurements, 
440 

Disposition of tin bine shaft, 115 
Divergent type draft tube, 178 

Double column manometer, 477 
-^regulation, 234 

-of Fiancis turbines, 236 

-Kaplan turbines, 239 

-Pelton turbines, 235 

— suction centrifugal pumps, 351 
-impeller, 391 

Drag, 285 
Draft tube, 177 

-, function, 177 

-theory, 188 

-types, 178 

Drive fluid, in machine tools, 567 
—motor for testing pumps, 495 

-, horsepower for centrifugal 

pumps, 400 

Dubs runner, 116, 187, 188 
Dynamic action of fluid, 1 
—force, 2 

Dynamical similarity, 56 
Dynamometer, hydraulic, 514 
—, torsion, 516 
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E 

Effect of connecting rod length on 
accelerating head of reciprocating 
pumps, 310 

-variation of centrifugal 

pump diameter on discharge, 
head and power, 394 
-speed on dis¬ 
charge, head 
and power, 392 
Effective head, 106, 359 
Efficiency measurement, 510 
—of centrifugal pumps, 360, 374 

-, gross, 360, 374 

-- manometric, 370, 375 

-generator, 52 

—, turbine, 153, 205 
—, —, head, 158, 205 
—, —, hydraulic, 159, 206 
—, —, jet, 158 ^ 

—, —, mechanical, 159, 207 
—, —, overall, 160, 207 

-theoi y, 154, 204 

—, volumetric, 159, 206 
Ejector, 398 

Elbow type draft tube, 178 
Electric tachometer, 436 
Electrical equipment of power and 
efficiency measurement, 518 
Energy consumption and water 
resources, 106 

Entrances in centrifugal pump, 351 
Essential component of Hydro- 
Electric power plant, 107 

-—dam with its control 

worts, 107 

— -power house, 108 

--storage reservoir, 107 

— -tail race, 108 

-waterways with their 

control works, 108 
Euler head, 376 
Euler’s number, 61 
Evolution of axial flow runner from 
radial type, 186j 356 

-Kaplan runner, 186 

Eye of centrifugal pumps, 346 

F 

Float, 454 
—gauge, 485 
—'rod, 455 
—sub-surface, 454 
—surface, 454 


Flow along curved path, 47 
—measurement of, See Chap. 14 
—, radial, 24 
—, similar, 56 

Fluid brake in automobiles, 573 
—coupling, 572 

-use, 572 

—friction brake, 514 
—jet on moving plate, 5, 11 

-—plate, 2 

-stationary plate, 2 

-—turbine blade, 16 

—torque converter, 572 
^ —, whirling, 37 
Flume, Venturi, 444 
Force exerted by jet, 156 

— -water on reaction runner 

vanes, 204 

—multiplication, 555 
Forced vortex, 37 
Forebay, 108, 112, 244 
Forward curvature impeller blades, 
386 

Fractional turbine, 114, 204 
Francis runner, 1 16, 1 18. 176. 186, 
187 

— *—blade, 186 

-number, 186 

-thickness, 186 

-design, 186 

-diameters, 184 

-, fast, 187, 188 

-, normal, 187, J88 

-, slow, 187, 188 

—turbine, 114, 172 

-components, main, 175 

-, design of, 183 

“—installations, 179, 180 

-parts, 175 

-types, 173 

-velocity triangles, 187, 188 

Frictional losses in pipes and pipe 
fittings, 360 
Froude’s number, 60 
Fronde water vortex brake, 514 
Fundamental equation of centrifugal 
pump, 388 

G 

Ganga Canal Hydro Scheme, 199 
Ganguwal Power House, 199 
Gauge pressure, 475 
—, hook, 484 
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—, mechanical, 479 
—, pointer, 483 
—, pressure, 475 
—vacuum, 479 
Gauging of (low, Chap 14 
Gauss Method of least squaies, 
517 

Gear pump, 546 

-external type, 546 

-internal type, 549 

Generator efficiency, 521 
—losses, 520 

-electrical, 520 

-mechanical, 520 

Geodetic head, 359 
Geometrical sirrilaiity of tuibines, 
247 

Gibson method, 468 
Ginderbal Hydro-Station (J & K) 
180 

Girard Turbine, 101 
Gokak Hydro Scheme, 180 
Governing, See Chapter 8 
—of impulse turbines, 234 

— of reaction turbines, 236 
Governors, 225 

—qualities, 226 
—type, 226 

Gross efficiency of pump, 370 
—head, 106, 359 
Guide mechanism 
—- •—, Pelton turbine, 128 

— —, Reaction turbine, 176 
Guide vane, 172 

-design, 184 

-diameter, 184 

-—height, 184 

— —length, 185 

-number, 185 

—wheel, 176 

H 

Hand pump, 306 
Head, 106, 359 
—effective, 106, 359 
—efficiency of centrifugal pump, 
359, 375 

— euler, 376 

—, geodetic, 359 
—gross, 106 

—loss due to friction, 360 

-bends in pipe, 363 

*-construction of cross- 

septiqn of pipe, 362 


-'-enlargement of cross- 

section of pipes, 362 

--pipe fittings, 363, 364 

-pipe fitting and pipe 

lines, 360—365 
—manometric, 359, 370, 375 
—net, 106 
—of pump, 359 
—operating, 106 
—, static, 359 

Height of reaction runner above 
tail race, 189, 193 
High head plants, 108 
High lift centrifugal pumps, 347 
Hirakud Dam Project, 180, 199 
Hook gauge, 484 

Hoisepower of driving motor for 
centiifugal pumps, 400 
Hydracone, 178 
Hydraulic coupling, 572 
—crane, 559 
—, deck machinery, 571 
—drive in machine tools, 567 
—efficiency, 159, 206 
—jack, 560 
—lift, 560 

—measurement, 439 
—press, 556 
— —essentials, 557 

-mechanical advantage, 557 

-principle, 556 

—pump (see pumps) 

—ram, 426 

-installations, 428 

-calculations, 428 

-operation, 426 

-principle, 426 

—riveter, 560 
—shaper, 568 
—system, 545 
—torque converter, 572 
—turbines (see turbines) 
Hydro-Electric plants, 105 

-, essential components of 

107 

—kinetic system, 545, 571 

-applications, 571 

—pneumatic accumulator, 567 
—static system, 545, 555 

-application, 555 

-function, 555 

-some more applications, 

570 

--transmission, 572) 573 
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I 

Impact of jets, 1 
Impeller definitition, 346 
— blade curvature, 385 
■—breadth calculations, 383 
—close type, 352 
—diameter, 387 

-, inlet, 387 

-, outside, 387 

Impulse axial flow, 101 
—, non-clog 352 
—momentum equation, 1 
—turbine, 114, 126 

-.development of, 88 

Inclined tube manometer, 478 
Indicator diagram of reciprocating 
pumps, 3M 

Influence of number of blades on 
gross head, 376 

Installation of reaction runner 
above tail race, 189, 193 

-below tail race level, 

190 

Intensifier, pressure, 566 
Iso-efficiency curves, 526, 535 

J 

Jack, hydraulic, 560 
Jet angle, 17 
—diameter, 140 
—diffusor, seewer type, 129 
—, multi, 142 
—on stationary plate, 14 

-moving plate, 15 

-turbine blade, 16 

—propulsion of ships, 30 

-- principle, 30 

—pump, 422 

—ratio of Pelton turbine, 144 

--values, 145 

■—Reaction water wheel, 95 
—velocity coefficient 
Jogfalls, 138 
Jonval turbine, 100 

K 

Kaplan pump, 415 
—runner blade adjustment, 202 

-evolution, 186 

-outlines, 203 

—turbine, 114, 115, 198 


Kerala Govt, Hydro Scheme, 180 
Khapoli Power House, 135 
Konya (Bombay) Hydro-Electric 
Project, 138 

Kotla Power House, 199 
Kundah Hydro-Electric Pioject, 
138 

L 

Laigest turbine of woilcl 
--, Francis, 179 

— - , Kaplan, 200 

- 9 Pelton, 132 

-, Propeller, 203 

Layer, boundary, theory, 291 
Layout of centrifugal pump, 356 
Level lecordeis, mechanical, -185 
Lift, 285 

—, hydraulic, 560 
Lifting equipment, 571 
Losses in generator, 520 

— — — 3 electrical, 520 
-, mechanical, 520 

Low head water power plant, 110 
—lift centrifugal pumps, 347 

M 

Machine tool fluid drive, 567 
Machkund Hydro Project, 180 
Mach’s Number, 62 
Mahatma Gandhi Hydro Works, 
138 

Mahora (Kashmir) Power Station, 
138 

Main chai acteristics of centrifugal 
pumps, 533 to 535 

-turbines, 523 

Mandi Hydro-Electric Scheme, 138 
Manometers, 477 
—, differential, 478 
—, double column, 477 
—, inclined tube, 478 
—, Piezometer tube, 477 
—, single column, 478 
—, U-tube, 477 

Manometric head, 359, 370, 375 

— piston gauge, 481 

Mayurakshi Project (West Bengal), 
180 

Mean diameter of Pelton runner, 

142 
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Measurement of discharge or flow, 
440 

-efficiency, 510 

-level, 483 

--by electrical methods, 

510, 518 

--mechanical methods, 

510 

--power, 510 

■-pressure, 475 

--speed, 435 

Mechanical control of hydiostatic 
pressure, 555 

—efficiency, Pelton turbine, 159 

-, Reaction turbine, 207 

— equipment for power and effi- 
ciency measurement, 510 
—gauges, 479 

Medium head water power plants, 

112 

—lift, centrifugal pumps, 347 
Meters, current, 460 
—, Venturi, 442 
Micromanometer, 481 
Milling machine, 570 
Mixed flow centrifugal pumps, 350, 
419 

-turbine, 115 

Model ratio, 248 
—scale, 248 
—turbines, 246 

-efficiency, 248, 249 

-power, 249 

-rate of flow, 249 

-runner of Bhakra Dam, 176 

—■ —speed, 248 
Model tests, 246, 492 
Momentum, angular, 25 
—, impulse, 1 
—, tangential, 25 
Moody spreading tube, 178 
Multi-jets, 142 

Multiple Francis turbines, 175 
Multistage centrifugal pumps, 349, 
400 

Muschel curves of pumps, 535 

-of turbines, 526 

Mussoorie Hydro-Electric Ltd, 138 

N 

Nanital Hydro-Electric Scheme, 138 
Nappe of weirs, 455 to 458 
Nangal Bhakra Project, 199 


Needle (or spear), 140 
—> angles, 141 

Negative suction head of reaction 
turbines, 190 
Net head, 106 
Newton’s number, 62 
Nizam Sagar Project, 199 
Non-clog pump impeller, 352 
Non-dimensional factor IC, in 
pumps, 354 

-turbines, 119 

—return valve, 301 
Notch-V, 456, 458 
Nozzle, angle, 141 
—, diameter, 140 
—, tuibine 140, 454 
*—, water measurement by, 454 
Number, Euler’s, 61 
—, Froude’s, 60 
—, Mach’s, 62 
—, Newton’s, 61 
—, Reynold’s, 56 
— Weber’s, 62 

O 

Oil pressure governor, 228 

-—, working, 230 

-, outline, 228 

-, modern type, 232 

—pumps, 404 

Open flume type Francis turbine, 
173 

—impeller centrifugal pump, 
352 

Opening resistance of valves, 336 
Operating characteristics of centri¬ 
fugal pumps, 533 

--turbines, 525 

—head, 106 

Orifice, water measurement by, 448 
Overall efficiency, 

-, centrifugal pump, 360, 

374 ^ ^ 

-, Pelton turbine, 160 

-•, Reaction turbine, 207 

Overshot water wheel, 88 

P 

Pallivasal Power Station 138 
Panchat Hill Power Station (DVC), 
199 

Pathri Hydro Station, 219 
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Pelton tuibine, 114, 126 (Chap 6) 

-arrangement of jets, 132 

-airangement oi uinner, 132 

-buckets and lunnei, 129, 146 

-casing, 131 

-‘design of component parts, 

140 

-“development, 126 

-different layouts, 132 

-efficiencies, 158 

-expeiimenlal value of m, 

145 

-— — K Hx coi responding 

to max 7], 143 

-final povvei output from 159 

-force, power and /), 154 

-guide mechanism, 128 

-hydraulic biake, 131 

-installations m India, 135, 

138 

-woild, 132 

-main component, 128 

-, modem, 128 

-selection of speed, 146 

— —velocity tnanglcs, 154 
Penstock, 108, 109 

—safety devices, 239 
Perfonuance ol centrifugal pump, 
533 

-propeller pump, 418 

-water turbines, 522 

Pcnyer Ilyclto Scheme, 180 
Piezometei tube, 477 
Pipe bend, 451 

—diameters for pumps, 388 

-- 9 delivery, 389 

- } suction, 388 

--with fittings, 35o 

Piston gauge xnanometric, 481 
—pump, 301 
-, double acting, 302 

— —, single acting, 301 
Pitot tube, 444 

- y tiaversing in pipes, 446 

Plant factoi of cavitation, 193 
Plunger pump, 305 
Pointer gauge, 483 
Poncelet water wheel, 92 
Power calculations with an vessel 
in reciprocating pumps, 327 
—, control, 555 ^ 

—developed by jet, 158 
-—Pelton turbine, 140 

— — —Reaction turbine, 182, 204 


—measurement, 510 
—oi centrifugal pump, 359 
—projects, tidel, 283 
—stations, tubulai turbine, 277 

-, underground, 275 

-, under water, 277 

—transmission, 555 
Practical applications to specific 
cases of flow, 64 to 71 
-—aeroplane, air¬ 
ships and sci ew 
propeilors, 66 

---channels, 65 

-pipes, 64 

-ships, 66 

-- —turbine and 

pumps, 69 

—date for hydraulic ram, 429, 430 

-- —pulsomelei pump, 425 

-pump impeller angles, 

383 

- K v% , 18? 

-184, 209 

- , 184, 209 

- K ni l 143,184, 209 

- K u of centrifugal pump, 

377 

--- K v , 209 

140 

-, 141, 209 

- m % 145 

-118, 354 

-(I h,209 

- nff , 206 

-, Z 0i 185 

—data for 7 )q , 206 

Prandtl theory of boundary layer, 
291 

—tube, 446 

Prerotation in centrifugal pump, 
370 

Press, autoclave vulcanising, 558 
—, bakelite, 557 
—, cotton, 558 
—, filter, 558 
—, forging, 558 
—, metal press work, 557 
—, metal pushing, 558 
—, packing, 558 
—, plate, 558 
—pump, 561 
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—, tablet, 558 
Ptessure, absolute, 475 
—accumulator, 560 

-, capacity, 561 

—m cylinder on deliveiy stroke 
of reciprocating pumps, 326 
—mtensifier, 566 
“ 3 gauge, 475 

-Bourdon tube, 479 

-connections, 479 

-dead weight, 480 

--, diaphtagm, 479 

—, legulatoi, 237 
—units of, 476 

Pressure vessel for Felton turbine 
testing, 493 

Prevention of sepaiation of bound¬ 
ary layer, 293 

Priming chamber of centrifugal 
pumps, 398 

—of centrifugal pumps, 346, 359, 
397 

Procedure of testing for pumps in 
laboratory, 504 

-turbines, 499 

Propeller pumps, 414 

-, cavitation factor, 417 

-, cavitation m, 416 

-characteristic curves, 418 

-performance, 418 

-use, 419 

— mnner outlines, 203 
—turbine, 203 
Prony friction brake, 510 
Propulsion of ships by jet, 30 
Pulsometer pump, 425 

-, practical data, 425 

Pump acid, 404 

—, advantages of centrifugal type, 
345 

—, ■-air lift pump, 424 

—, air lift, 423 
—, angular flow, 419 
—, axial flow, 350, 414 
—, bucket, 306 
—, centrifugal, 44, 344 
—chemicals for 352, 404 
—, classification, 300 
—comparison, 344 
—, constant delivery, 546 
—, deepwell, 403 
—, differential, 333 
—, diffusion, 349 
—, disadvantages of air lift type, 
424 


—, gear, 546 
—, hand, 306 
- Jet, 422 
—, Kaplan, 415 
—> mixed flow, 350, 419 
—, multistage, centrifugal, 349, 
400 

—, piston, 301 
—, plunger, 305 
—, press, 561 

—, propeller, 414, see also pro¬ 
peller pumps 
—, pulsometer, 425 
—, radial piston (constant deli¬ 
very type), 551 

—> —(variable delivery type), 
554 

—, reciprocating {see Chap 11, 
reciprocating pump), 299 
—, rotary, 546 
—, —, piston, 554 
—, screw, 419, 549 
—, semi-axial type, 300, 350, 419 
—, special purpose, 404 
—, speed variation, 392 
—, steam, 332 
—, three throw, 308 
—, turbine, 349, 403 

--, by passing in, 404 

-drive, 403 

—, vane, 550 
—, variable delivery, 554 
—, volute, 347 
Pumped storage plants, 267 

-classification, 268 

-economic aspect, 274 

-notable installations, 270 

-purpose, 268 

-starting, 270 

Pykara Hydro-electric Scheme, 138, 
151 

a 

Quantities, fundamental and deriv¬ 
ed, 55 

Quantity meters, 453 

-, positive type, 454 

-, rotary type, 454 

R 

Radhanagari Hydro Project, 199 
Radial flow, 24 

-centrifugal pumps, 350 

-turbine, 115 
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—impeller blades, 38b 
—piston pump (constant delivery) 
551 

-pump (variable dcliveiy), 

554 

Ram, hydraulic, 426 

Ranbir Canal Scheme (J & K), 180 

Rate of flow, 107 

-- —in Francis runner, 208 

—. —-Kaplan runner, 207 

Reaction turbines, 114, 115, 172 

■-, inward flow, 99 

- 5 outwaul flow, 97 

- 3 parallel or axial flow, 100 

— —selection of speed, 197 
Recent research on cavitation, 266 
Recent tiends in the development 

of turbines, 264 
Reciprocating pumps, 299 
-applications, 301 

— —co-clficient of fluctuation, 

313 

— —duty, 332 

-indicator diagram, 314 

-, other types, 332 

— —, resonance in, 321 
- 3 slip, 307 

-working principle, 301 

Rectangular weir, 455 

-with end contractions, 455 

-without end contractions, 

455 

Rehhock weir formula, 459 
Relation between (), HP, «A r and 
D of the centiifugal pump, 395 

— —JV* and if,, 120 

— -jet ratio and specific speed, 

144 

Relative roughness, 58 
—velocity, 17 
Relay valve, 229 
Relief valve, 237 
Relieving holes in impeller, 391 
Resonance in reciprocating pumps, 
321 

Restricted orifice surge tank, 242 
Reversible turbine-pump, 270 

-installations, 273 

Revolutions indicator, 485 
Reynolds 1 number, 56 
Rihand Dam Project, 180 
Riveter, hydraulic, 560 
Road and rail, traction hydrostatic 
transmission, 571 


Rod float, 455 
Rope brake, 512 

-, critical speed of pulley, 513 

Rotameter, 453 

Rotary piston pump (vaihible deli¬ 
very) 9 553 
—pump, 546 

— -classification, 546 

Runaway speed, 158, 197 
Runner, Deriaz, 280 

—Dubs, 116, 187, 188 
—, Francis, 116, 118, 176, 186, 
188 

— Kaplan, 117, 118, 188, 203 
- f Pelton, 116, 118, 129 
—, Turgo, 117, 118, 149 

S 

Safety devices for penstock, 239 
Salt-velocity method, 466 
Sarda Hydel Project, 199 
Satara Hydro-electric Scheme, i'38 
Scotch turbine, 95 
Screen, travelling, 442 
Screw pump, 419, 549 
Scroll casing, 175 
Scat of valves, 336 
Secwcr jet diflusor, 129 
Segner water wheel, 95 
Selection of Francis and Kaplan 
turbines, 255 

-Kaplan and propeller tur¬ 
bines, 255 

— —multistage centrifugal pump, 

401 

-turbines, 254 

--speed, 255 

Self-priming pumps, 398 
Semi-axial pumps, 300, 351, 419 
Separation in reciprocating pumps, 
309 

—of boundary layer, 292 

— point, 292 
Servomotor, 229 

Shaft disposition of purnjp? 9 351 
—, main, of Francis turbine, 176 
Shape of blades of centrifugal 
pumps, 385 

— —Francis runners, 186 
Shaper, hydraulic, 568 
Shillong Hydro-Electric Ltd, 133 
Ship propulsion by jet, 30 

Silii design for self-priming, 398 
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Sileru (Upper) Hydro Pioject, 180 
Similar centrifugal pumps, 395 

— flows, 56 

Simla Hydro-Electric Scheme, 188 
Simple type surge tank, 242 
Single column manometer, 478 
—stage centrifugal pump, 349 
—suction centrifugal pump, 351 

Slip in reciprocating pumps, 307 
Spear and deflector control, 234 
^—angles, 141 

Special purpose pumps, 404 
Specific force, 77 
—, quantities, 73, 76 
—, power, 76 
—, rate of flow, 75 
—speed, 78, 79, 118, 353, 355 

-values, 118, 355 

—, suction of piopeller pumps, 
417 

—, toique, 77 

Speed of Pel ton Unbine, 143 
—ratio, 71, 142, 377 
—selection of reaction tuibine, 
195 

-reciprocating pumps, 310 

•—variation of centrifugal pumps, 
392 

Spiral casing 1 75 

— —design, 183 
-of turbines, 175 

Starting of centrifugal pump, 356 
358 

Static head, 301, 359 
Steam pump. 332 

-, double acting. 332 

Storage plant, pumped, 267 
Straight blades of impeller, 386 
Strainer of pump, 358 
Suction head of pumps, 299 
—lift of centrifugal pumps, 393 
—pipe with fitting, 358 
Surface float, 454 
—grinder, 569 
Surge tank, 108, 109, 241 

— —differential type, 243 
-functions, 242 

-largest of the world, 243 

-location, 242 

-restricted orifice type, 242 

-simple type, 242 

— —types, 242 

Symbols, mathematical, used in 
book, (xiv) 


Systems, constant delivery, 

—hydiaulic, 5 Ej 
—hydro-kinetic, 5 13, 571 
—hydiostatic, 315, 

—variable delivery, 556 

T 

Tables of conveision, 577 

-expeiiments on brake teut¬ 
on pumps 506, 509 

---turbines, 5O0 P 

501 

Tachometers 485 

— electiical, 486 
Tail race, 108 

— stock, hydiostatic transmission. 
570 

Take-over tuibine tests, 492 
Talaiya Power House (DVC), 219 
Tangential flow turbines, 115 
—velocity, 17 
Tank, surge, 109, 241 
Tata Hydro-Electiic Co. Ltd, 135 
Tata Power Co Ltd, 136 
Tesla fluid friction brake, 514 
Tests, brake, 500 to 509 

— beds, 493 

-foi Pelton turbine, 493 

-—Reaction turbine, 494 

-pumps, 494 

Testing codes. 491 

Theory of centrifugal pump, 368 

-working of air vessel, 317 

Thermodynamic method of water 
measurements, 471 
Thermometric method for water 
measuiement, 470 
Thoma’s cavitation factor, 193 
—co-efficient in propeller pumps, 
416 

Three throw pump, 308 
Tidel Power Project, 283 
Titration method of water measure¬ 
ment, 467 

Torque converter, hydraulic, 572 
—on reaction runner vanes, 204 

-vane, 25 

Torsion dynamometer, 516 
Total head, 106, 359, 495 

-determination for turbine 

and pumps, 495 

Transmission of power (Chapter 16) 

-bv fluid in automobiles, 

573 
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Thi ash rack, 108 
Travelling scieen, 442 
Iravei sing in pipes by Pitot tube, 
446 

Tubulai Turbines power station, 
277 

Tungabhadra Hydro Scheme, 180, 

199 

Turbine, Banki, 118, 150 
—classification, 112 
—comparison, 114 
—, Dubs, 118 
—efficiency, 158, 205, 207 

-data, HO 

-estimation, 510 

—, fi actional, 204 
—, Francis, 114, 172 (Ghaptei 7) 
—, further development, 103 
—Girard, 101 

—installations in India, 135, 3 38, 
180, 199 

-— ? Fiands, 180 

- 3 Kaplan, 199 

- f Pdton, 135, 138 

—Jonval, 100 
—, Kaplan, 114, 198 
—losses, 521 
— — j hydraulic, 522 

-, mechanical, 521 

—nozzle, 140, 454 
—, Pelton, 126 (Chapter 6) 

—power, HO, 182 
—, Piopellcr, 203 
—pump, 349, 403 

-by passing, 404 

-, leversible, 270, 273 

~j radial flow, 115 
—lecent tlends in the develop¬ 
ment of tin bines, 261 
—nmner Deriaz type, 280 

--, use, 282 

-, installation, 283 

—specific speeds of, 118 
—test pioceduie, 499 
Turgo-Impulse turbine, 118, 149 

U 

U-tube manometer, 477 
Udharnpur (J & K), 180 
Ultiasonic Flowmetei, 473 
Under water power station, 277 
Underground power stations, 275 
Undershot water wheel, 91 


Unit quantities, 73, 74 
—, foice, 75 
—powei, 75 
—, pressure, 476 
—rate of flow, 74 
—, speed, 74 
—, torque, 76 

V 

V-notch, 455 to 459 
Vacuum gauge, 479 

— producing devices foi centri¬ 
fugal pumps, 398 

Values of specific speed, 118, 355 
Valve house, 110 

— (for reciprocating pumps) 
design, 333 

—foot of pump, 358 
—opening resistance 336 
—seats, 336 
Vane angle, 17 
—pump, 550 

Vapoui pressure, function of tem¬ 
perature, 3 89 

Variable delivery pumps, 554 
---system, 556 

Variation of pump impeller clia- 

xnetei, 394 

-speed of pump, 392 

Velocity, absolute, 17 
—, ciienmfei entia), 17 
—coirection factor in pump 
testing 495 
—diagram, 17 

— offlow, 18 

-water in leciprocating 

pumps, 308 

-whirl, 18 

—, peiipheral, 17 
—, relative, 18 

—triangles of Belton tmbine, 154 
—• -—drawing, 18 

-symbols, 17 

Venturiflume, 444 
Venturimeter, 442 
—co-efficient, 443 
•—, horizontal type, 442 
—, vertical type, 444 
Viscous liquid centiifugal pumps, 
404 

Volumetuc efficiency Pelton tmbine, 
159 

—, reaction turbine, 206 
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Volute casing, 347, 389 
—pump, 347 
—shape, 347, 389 
Voitex, 37 

—, along curved path, 47 
—, circulatory flow, 47 
—, closed vessel, 41 
- e —, cyhndeucal, 37 
—, foiced, 37 
—, liee, 37, 47 

—, mathematical analysis of 
foiced, 37 
—, open vessel, 39 
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